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6a[59]: R1 = H, R2 = COOMe, R3 = H
6b[66]: R1 = Me, R2 = CONHMe, R3 = H
6c[59, 64]: R1 = H, R2 = H, R3 = COOMe
6d[64]: R1 = H, R2 = H, R3 = COONa
6e[64]: R1 = Cl, R2 = H, R3 = COOMe
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6$13+.(!&+7+&!'(*!8'3'&Z3.8!'83.7.3ZLjIDjG!O(!'**.3.1(D!+("ZB+/!.(!35+!.(3+/3.(+!8'(!M+!+'/.&Z!/'3#$'3+*D!
#(&+//! '! 7+$Z! /B'&&! *1/+! ./! ).7+(LjI! _q4jWH! VNj! c_q4VNjd! /51;/! 35+! &'$)+/3! 81(3$.M#3.1(! .(! 35+!
.(3+/3.(+!'(*!+R5.M.3+*!&'$)+!.(3+$.(*.7.*#'&!7'$'3.1(LGiDjV!!
=1$! 651/65'3+! 6$1*$#)/D! ;5+$+! '! 5Z*$1&Z3.8! /3+6! ./! $+`#.$+*! M+<1$+! #63'2+D! 8&+'7')+! MZ! 35+!
.(3+/3.('&! '&2'&.(+! 651/65'3'/+! cN^4d! ./! (++*+*L! Y5+! 5'&<9&.<+! 1<! 651/65'3+! 6$1*$#)/! 8'(! M+!
*+3+$B.(+*!;.35!_'819G!8+&&/D!;5.85!6$17.*+!651/65'3'/+!'83.7.3Z!/.B.&'$! 31!35'3!1<!(1$B'&!5#B'(!
.(3+/3.(+LjjDjW!KM7.1#/&ZD!;5+(!'!*$#)!+R5.M.3/!&1;!/3'M.&.3Z!.(!35+!/31B'85D!35+!'B1#(3!'7'.&'M&+!<1$!
6+$B+'3.1(! 35$1#)5! 35+! .(3+/3.('&! B+BM$'(+! ./! $+*#8+*L! O(! 35+/+! 8'/+/D! '! 61//.M&+! /1&#3.1(! ./! '!
)'/3$19$+/./3'(3!<1$B#&'3.1(!c+L)L!<1$!6$131(!6#B6!.(5.M.31$/jkDjJdL!N*7'(3')+/!1<!+/3+$!6$1*$#)/!'$+!









/#$<'83'(3/D! .1(/D! 6$13+.(/d! '(*! MZ! 65Z/.8185+B.8'&! 81(*.3.1(/! c+L)L! 6YD! 3+B6+$'3#$+dLIW! Y5+!




c+L)L! 8$Z/3'&&.(+!1$!'B1$651#/d!1$! .3/! /3$#83#$'&!6$16+$3.+/!'/! &.6165.&.8.3Z! c&1)!=d! '(*!B+&3.()!61.(3!










1#$! )$1#6D! ;+! $+7./.3+*! '(! 1&*! B+351*1&1)ZD! ('B+&Z! 35+! *+3+$B.('3.1(! 1<! 6;'! MZ! I[9:PU!
/6+83$1/816ZL!N!81B6'$./1(!;.35!3;1! 5(%95$5M-! c%6.2!'(*!P'$7.(d!'(*!3;1!+R6+$.B+(3'&!'66$1'85+/!





35+! 81B61#(*! ./! /1&7+*! .(! 35+! /1&7+(3!1<! .(3+$+/3! #(3.&! 35+! /1&#3.1(! ./! /'3#$'3+*! '(*!6$+8.6.3'3.1(!
M+81B+/! 7./.M&+L! O3! ./! *+<.(+*! '/! 35+! +`#.&.M$.#B! 1<! 35+! /'3#$'3+*! /1&#3.1(! ;.35! 35+!











Y5+! $+`#.$+*! B.(.B'&! /1&#M.&.3Z! 7'$.+/! *+6+(*.()! 1(! 35+! $1#3+! 1<! '*B.(./3$'3.1(L! =1$! '(!
.(3$'7+(1#/&Z!'66&.+*!*$#)D!'!/1&#3.1(!./!$+`#.$+*D!M+8'#/+!35+!.(X+83.1(!1<!'!6$+8.6.3'3+!8'(!&+'*!31!
+BM1&./BDWjDWW!;5+$+'/! <1$! '(!1$'&! '66&.8'3.1(!'! /#/6+(/.1(! ./! 31&+$'3+*L!N/!*./8#//+*!MZ! ^.6.(/2.IJ!
'(*! _#$'31&1DWk! *1/+! '(*! 6+$B+'M.&.3Z! *+<.(+! 35+! $+`#.$+*! B.(.B#B! '`#+1#/! /1&#M.&.3Z! <1$! 1$'&!




































Y1! .B6$17+! /1&#M.&.3ZD! 3;1! B'.(! '66$1'85+/! 8'(! M+! '66&.+*D! ('B+&Z! /3$#83#$'&! '(*! /1&7+(3!
B1*.<.8'3.1(/!c=.)#$+!GLjdLWJ!
R)1?-$!HVPL!N66$1'85+/! 31! .B6$17+! /1&#M.&.3Z!MZ! /3$#83#$'&! '(*! /1&7+(3!B1*.<.8'3.1(/L!4A!{!6$16Z&+(+!)&Z81&D!
4%A!{!61&Z+35Z&+(+!)&Z81&L!=.)#$+!B1*.<.+*!<$1B!U+<LIWL!!
!
20.8M08.'$% &-)5,5M'05-(91! Y5+! <.$/3! 851.8+! 31! .B6$17+! /1&#M.&.3Z! 1<! '! 81B61#(*! ./! 31! B1*.<Z! .3/!
/3$#83#$+! ;.351#3! '<<+83.()! 35+! '<<.(.3Z! 31! .3/! 3'$)+3LIW! O/5.2';'! #0% '$1! *+B1(/3$'3+*! /3$'3+).+/! 31!
.B6$17+!'`#+1#/!/1&#M.&.3Z]!c.d!*./$#63.1(!1<!B1&+8#&'$!6&'('$.3Z!'(*!/ZBB+3$Z!*#+!31!35+.$!.(<&#+(8+!
1(! 8$Z/3'&! 6'82.()! '(*! 35+!B+&3.()! 61.(3Wi! '(*! c..d! .(3$1*#83.1(! 1<! .1(."'M&+! )$1#6/D! .L+L! 35+!B1$+!
85'$)+/!'!81B61#(*!5'/!35+!M+33+$! ./! .3/!/1&#M.&.3ZIW!N(135+$!'66$1'85!31! .(8$+'/+!/1&#M.&.3Z! ./! 35+!
.(3$1*#83.1(!1<!651/65'3+!6$1B1.+3Z!31!35+!'83.7+!6$.(8.6&+!c6$1*$#)!'66$1'85dLIH!
!
2-$7#(0%&-)5,5M'05-(91! N*'63.()! 35+! /1&7+(3! 1<! 1$'&! '*B.(./3$'3+*! <1$B! MZ! 6Y9'*X#/3B+(3! cM#<<+$D!
/'&.(+dD! MZ! '**.()! /1&#M.&."+$! c819/1&7+(3/D! /#$<'83'(3/D! 81B6&+R.()! ')+(3/dD! 1$! MZ! #/.()! 8'$$.+$9
B+*.'31$/! c+L)L! &.61/1B+/! 1$! ('(16'$3.8&+/d! ./! 81(/.*+$+*! '/! '! /+81(*! '66$1'85! 31! .B6$17+!
/1&#M.&.3ZLWh! O3/!'*7'(3')+!./!35'3!35+$+!./!(1!$+`#.$+B+(3!<1$!'!85+B.8'&!B1*.<.8'3.1(!1<!35+!*$#)LkH!
6Y9'*X#/3B+(3! 8'(! 5+&6! ;+'2! M'/+/! 1$! '8.*/D! ;5.85! 81(3'.(! '! .1(."'M&+! )$1#6! ;.35! 6;'! G9hL! _19
/1&7+(3/D! /#85! '/! 6$16Z&+(+! )&Z81&! c4Ad! 1$! 61&Z+35Z&+(+! )&Z81&! c4%Ad! 5'7+! '! /1&#M.&.".()! 8'6'8.3ZL!
F#$<'83'(3/!$+*#8+!/#$<'8+!3+(/.1(D!'71.*!6$+8.6.3'3.1(!1<!35+!*$#)!'(*!'$+!#/+*!<1$!6'$3.8&+!;+33.()!
Structural modifications Solvent modifcation
•  Add ionizable group 
•  Carboxylic acid, amine 
•  Reduce log P 
•  Add hydrogen bonding 
•  OH, NH2 
•  Add polar group 
•  Carboxylic acid 
•  Ester 
•  Reduce molecular weight 
•  Out-of-plane substitution to reduce              
crystal packing 
•  Construct of a prodrug  
•  Phosphate ester 
•  pH-adjustements  
•  Buffer, saline 
•  Add co-solvents  
•  DMSO, PG, PEG400 
•  Add surfactants  
•  Tween 80, Cremophor EL, 
Solutol HS 
•  Add complexing agents  
•  Cyclodextrin 
•  Use carrier-mediater  
•  Liposomes, nanoparticles 
•  Mix co-solvents 












Y1! $+'85! .(3$'8+&&#&'$! 3'$)+3/D! .(3+/3.('&! *$#)! 'M/1$63.1(D! 35+! 6'//')+! 35$1#)5! M&11*91$)'(!
M1#(*'$.+/! c+L)L!M$'.(!M'$$.+$d!'/!;+&&!'/!5+6'3.8!'(*! $+('&! 8&+'$'(8+!6+$B+'3.1(!6$18+//+/!6&'Z!'!
8$#8.'&! $1&+Lki! N/.*+/! <$1B! 135+$! 3$'(/61$3! 6'35;'Z/! .&&#/3$'3+*! .(! =.)#$+! GLWD! 3$'(/8+&&#&'$! 6'//.7+!
*.<<#/.1(! ./! 35+! B'X1$! $1#3+! 31! '85.+7+! *$#)! 6+$B+'M.&.3ZLkh! _#B#&'3.7+! +<<+83/! 1<! /3$#83#$'&!
6$16+$3.+/!1<!'!B1&+8#&+kh!'/!;+&&!'/!M.185+B.8'&!<+'3#$+/!1<!35+! .(3+/3.('&! &'Z+$/! .(<&#+(8+!6'//.7+!
6+$B+'M.&.3ZLJH!
!




^.6165.&.8.3Z! ./! `#'(3.<.+*! MZ! 35+! 183'(1&9;'3+$! 6'$3.3.1(! 81+<<.8.+(3! c&1)!=dD! ;5.85! 81(/.*+$/! 1(&Z!





+R3$'8+&&#&'$! 65'/+! .(31! 8+&&/JV! '(*! <#$35+$! .(31! 35+! M&11*! /3$+'B! c6+$B+'M.&.3ZdD! ;5+$+! 35+! *$#)!




















4'//.7+!6+$B+'M.&.3Z! ./!*$.7+(!MZ! 35+!81(8+(3$'3.1(!)$'*.+(3D! ./!(13!/'3#$'M&+D!8'((13!M+! .(5.M.3+*D!
'(*! ./! &+//! /+(/.3.7+! 35'(! 8'$$.+$9B+*.'3+*! 3$'(/61$3! 31! 35+! /3+$+185+B.8'&! +<<+83/Lkh! O3! 8'(! M+!
8&'//.<.+*!.(31!3;1!'&3+$('3.7+!B+85'(./B/D!('B+&Z!35+!3$'(/8+&&#&'$D!35+!$1#3+!35$1#)5!35+!8+&&/D!'(*!
35+! 6'$'8+&&#&'$! 6'35;'ZD! 35+! $1#3+! 35$1#)5! 35+! 3.)53! X#(83.1(/! '3! 35+! .(3+$<'8+! 1<! 35+! 8+&&/LkDkh!
4'//.7+!6+$B+'3.1(!*+6+(*/!1(!/3$#83#$'&!6$16+$3.+/!1<!81B61#(*/L!^.6.(/2.!*+7+&16+*!5./!<'B1#/!
$#&+!1<!<.7+!<1$!6$+*.83.()!6'//.7+!3$'(/8+&&#&'$!6+$B+'M.&.3Z!M'/+*!1(!2+Z!/3$#83#$'&!6$16+$3.+/!1<!'!
81B61#(*D! ('B+&Z! B1&+8#&'$! ;+.)53! c~! WHH! 0'dD! (#BM+$! 1<! 5Z*$1)+(! M1(*! *1(1$/! c~! Wd! '(*!
'88+631$/! c~! IHdD! '(*! &.6165.&.8.3Z! c&1)!=! ~! WdLIV! N**.3.1('&&ZD! E+M+$p/! $#&+! '881#(3! <1$! 35+! (+)'3.7+!
.(<&#+(8+! 1<! $13'3'M&+! M1(*/! c:U@! ~! IHd! '(*! &'$)+! 61&'$! /#$<'8+! '$+'! c4FN! ~! IjH! Gd! 1(!
6+$B+'M.&.3ZLIj! O(! )+(+$'&D! (+#3$'&! 81B61#(*/! 6+$B+'3+!B1$+! +'/.&Z! 35$1#)5! 35+!B+BM$'(+! 35'(!
85'$)+*! 81B61#(*/Dk! '(*! 6$16+$3.+/! /#85! '/! 6;'! 7'&#+/! .(<&#+(8+! 6+$B+'M.&.3Z! 6Y9*+6+(*+(3L!




N83.7+!6+$B+'M.&.3Z!*+/8$.M+/! 35+! .(3+$'83.1(!1<! '!*$#)!;.35! '! 8'$$.+$!;.35! 35+!'.B! 31!17+$81B+!'!
B+BM$'(+Lkh! Y5./! 6'35;'Z! ./! 1<! .(3+$+/3! <1$! 81B61#(*/! ;.35! &1;! &.6165.&.8.3Z! 1$! <1$! 85'$)+*!
81B61#(*/! 35'3! *1! (13! 6+$B+'3+! 6'//.7+&Z! 35$1#)5! 35+! .(3+/3.('&! B+BM$'(+L! _'$$.+$9B+*.'3+*!
3$'(/61$3/! '$+! /#M/3$'3+! /6+8.<.8D! '$+! /'3#$'M&+D! '(*! 8'(! M+! .(5.M.3+*LiI! Y5+Z! 8'(! M+! *.7.*+*! .(31!
<'8.&.3'3+*! '(*! '83.7+! 3$'(/61$3L! ='8.&.3'3+*! *.<<#/.1(! *1+/! (13! $+`#.$+! +(+$)Z! '(*! ./! *$.7+(! MZ! '!
81(8+(3$'3.1(!)$'*.+(3L!=1$!'83.7+!3$'(/61$3D!;+!8'(!*./3.()#./5!M+3;++(!6$.B'$Z!'83.7+!3$'(/61$3+$D!
;5.85!'$+!*.$+83&Z! 81#6&+*! 31!'*+(1/.(+9Wp93$.651/65'3+! cNY4d!'(*!/+81(*'$Z!'83.7+! 3$'(/61$3! c+L)!
#(.61$3D!/ZB61$3D!'(*!'(3.61$3dD!;5.85!'$+!(13!*.$+83&Z!81#6&+*!31!NY4!'(*!'$+!/Z(1(ZB1#/!31!819
3$'(/61$3+$LiI! =.)#$+! GLk! .&&#/3$'3+/! 35+/+! *.<<+$+(3! 3$'(/61$3!B+85'(./B/L! Y5+! /1&#3+! 8'$$.+$! cF^_d!





R)1?-$! HVTL! _&'//.<.8'3.1(! 1<! B+BM$'(+! 3$'(/61$3! B+85'(./B/L! @&'82! 61.(3/! *+6.83! 35+! /#M/3$'3+! c35+!B1$+!
61.(3/!35+!5.)5+$!35+!81(8+(3$'3.1(dL!N$$1;/!/51;!35+!*.$+83.1(!1<!<&#RL!41.(3/!.(!M&'82!/`#'$+/!$+6$+/+(3!35+!

































R)1?-$! HVXL! O(3+/3.('&! +6.35+&.'&! 8+&&! ;.35! .3/! '6.8'&! c&#B.('&d! B+BM$'(+! #63'2+! 3$'(/61$3+$! .(8&#*.()! KNY4D!
4%4YI! cF^_IWNIdD! '6.8'&! /1*.#BlM.&+! '8.*! 8193$'(/61$3+$! cNF@Ye! F^_IHNGdD! '(*! B1(18'$M1RZ&.8! '8.*!
3$'(/61$3+$! I! cP_YIe! F^_IkNIdD! 35+.$! '6.8'&! NY49*+6+(*+(3! +<<&#R! 6#B6/! .(8&#*.()! B#&3.*$#)! $+/./3'(8+!
6$13+.(!G! cPU4Ge!N@__GdD!M$+'/3! 8'(8+$! $+/./3'(8+!6$13+.(! c@_U4e!N@_AGdD!'(*!49)&Z816$13+.(! c49)6e!P0UID!





='9957#% >#.&#'65$50K1! Y5+! 4'$'&&+&! N$3.<.8.'&! P+BM$'(+! 4+$B+'M.&.3Z! N//'Z! c4NP4Nd! ./! '! 5.)5!
35$1#)56#3! '//'ZD! <.$/3! .(3$1*#8+*! MZ! \'(/Z! #0% '$1! .(! IhhiLih! O3! 81(/./3/! 1<! '! *1(1$! '(*! $+8+.7+$!




6+$B+'M.&.3ZLhH!K(+! *$';M'82! ./! 35+! <'83! 35'3! 8'$$.+$9B+*.'3+*! '(*! 6'$'8+&&#&'$! 6'35;'Z/! '$+! (13!






















R)1?-$! HV[L! _1(/3$#83! 1<! 6+$B+'M.&.3Z! '//'Z! Nd! 4'$'&&+&! N$3.<.8.'&!P+BM$'(+! 4+$B+'M.&.3Z! N//'Z! c4NP4NdD! @d!
_'819G!8+&&!'//'ZD!'(*!_d!P0_\9OO!3$'(/61$3+$!17+$+R6$+//.()!8+&&!'//'ZL!=.)#$+!6.83#$+*!MZ!@+("![#M&+$L!!!
!






F.(8+! .3! 3'2+/! GI! *'Z/! #(3.&! _'819G! 8+&&/! )$1;! 81(<&#+(3D! *+7+&16! 35+! B.8$17.&&.! '(*! +R6$+//! 35+!
3$'(/61$3+$/D! 35+! B1*+&! ./! 7+$Z! &'M1$.1#/D! 3.B+981(/#B.()! '(*! +R6+(/.7+LhI! =#$35+$B1$+D!
$+6$1*#8.M.&.3Z! 1<! $+/#&3/! )'.(+*! #/.()! 35+! B1*+&! '8$1//! *.<<+$+(3! &'M1$'31$.+/! ./! /B'&&LhJ!
:+7+$35+&+//D! _'819G! 8+&&/! +R6$+//! /+7+$'&! 3$'(/61$3! /Z/3+B/! 1(! 35+.$! '6.8'&! '(*! M'/1&'3+$'&! /.*+/!
'(*!/5'$+/!/1B+!/.B.&'$.3.+/!31!+(3+$18Z3+/!.(!35+!5#B'(!.(3+/3.(+!cX+X#(#BdLhi!N!)11*!81$$+&'3.1(!1<!


































31! M+! <#&<.&&+*! <1$! 1$'&! '7'.&'M.&.3Z! ./! 35+! 6$1*$#)! '66$1'85! '/! *+B1(/3$'3+*! MZ! +L)L! +('&'6$.&D!
1/+&3'B.7.$L!N!6$+$+`#./.3+!<1$!/#88+//!./!35+!8&+'7')+!1<!35+!6$1*$#)!.(31!35+!'83.7+!6$.(8.6&+!1(8+!.3!
5'/!'$$.7+*!.(!35+!61$3'&!7+.(LIHDIHI!N!35.$*!'66$1'85!31!.B6$17+!6+$B+'M.&.3Z!./!35+!3$'(/<1$B'3.1(!1<!
'! *$#)! .(31! '! /#M/3$'3+! 1<! '(! #63'2+! 3$'(/61$3+$! c+L)L! <1$! 4%4Yd! '/! *1(+! <1$! 7'&'8Z8&17.$! '(*!
8'6316$.&LIHGDIHV![1;+7+$D!;5+(!/3$#83#$'&!B1*.<.8'3.1(/!135+$!35'(!6$1*$#)!'66$1'85+/!'$+!'66&.+*D!




•  Reduce ionizable group 
•  Increase log P > 1 
•  Reduce hydrogen bonding 
•  Reduce polar group 
•  Reduce molecular weight (< 500) 
•  Construct of a prodrug 
•  Ester 






35+! '`#+1#/! +(7.$1(B+(3L! K(&Z! <$++! *$#)! 8'(! .(3+$'83! ;.35! .3/! 3'$)+3L! :+7+$35+&+//D! +<<1$3/! '$+!
$'35+$! #(*+$)1(+! 31! .B6$17+! 1$'&! M.1'7'.&'M.&.3ZD! .L+L! MZ! .B6$17.()! /1&#M.&.3ZD! 6+$B+'M.&.3ZD! '(*!
B+3'M1&.8! /3'M.&.3Z! 35'(! 31! .(8$+'/+! 35+! #(M1#(*! *$#)! 81(8+(3$'3.1(D! M+8'#/+! '! 5.)5+$! <$++! *$#)!
81(8+(3$'3.1(! ;.&&! &+'*! 31! '! )$+'3+$! '7'.&'M.&.3Z! <1$!B+3'M1&./B! 1$! +&.B.('3.1(LIHkDIHJ! =#$35+$B1$+D!





co9NA4dD! '(*! &.616$13+.(/LIW! 4&'/B'! 6$13+.(! M.(*.()! c44@d! $+*#8+/! 35+! 71&#B+! 1<! *./3$.M#3.1(!
M+3;++(! 6&'/B'! '(*! 35+! $+/3! 1<! 35+! M1*ZD! $+('&! +R8$+3.1(D! &.7+$! B+3'M1&./BD! '(*! .(8$+'/+/! 5'&<9
&.7+/Lk! F3$#83#$'&! 6$16+$3.+/! /#85! '/! 6;'! '(*! &1)!=! 8'(! 5'7+! '(! .(<&#+(8+! 1(! 6&'/B'! 6$13+.(!




44@! 8'(! M+! *+3+$B.(+*! ;.35! /+7+$'&! B+351*/D! ('B+&Z! +`#.&.M$.#B! *.'&Z/./D! #&3$'<.&3$'3.1(D!
#&3$'8+(3$.<#)'3.1(D!B.8$1*.'&Z/./D!1$!/#$<'8+!6&'/B1(!$+/1('(8+LiDIIV!!
Df85$56.58&%)5'$K959!./!)+(+$'&&Z!'88+63+*!'/!v)1&*!/3'(*'$*wLIIj!Y5+!6$.(8.6&+!1<!35./!B+351*!./!'!3;19
85'BM+$! /Z/3+BD!;5+$+! 1(+! ./! <.&&+*!;.35! 6&'/B'! '(*! 35+! 81B61#(*! 1<! .(3+$+/3! '(*! 35+! 135+$! ./!
<.&&+*!;.35!M#<<+$L!Y5+!85'BM+$/!'$+!/+6'$'3+*!MZ!'!*.'&Z/./!B+BM$'(+!;5.85!./!6+$B+'M&+!<1$!<$++!
*$#)!M#3! .B6+$B+'M&+! <1$!6&'/B'!6$13+.(/!*#+! 31! 35+!B1&+8#&'$!;+.)53!8#391<<!1<! 35+!B+BM$'(+L!
,5+(! '(! +`#.&.M$.#B! 1<! 35+! <$++9! '(*! M1#(*! /3'3+! ./! $+'85+*D! /'B6&+/! '$+! *$';(! <$1B! M135!
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(log D ≥ 1, "rule of five")
Active reabsorption
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pKa values  of acids  and  protonated  bases  have  an  essential  impact  on organic  synthesis,  medicinal  chem-
istry,  and  material  and  food  sciences.  In  drug  discovery  and  development,  they  are  of  utmost  importance
for  the  prediction  of pharmacokinetic  and  pharmacodynamic  properties.  To date,  various  methods  for
the  determination  of pKa values  are  available,  including  UV-spectroscopic,  potentiometric,  and  capil-
lary  electrophoretic  techniques.  An additional  option  is  provided  by  nuclear  magnetic  resonance  (NMR)
spectroscopy.  The  underlying  principle  is  the  alteration  of  chemical  shifts  of  NMR-active  nuclei  (e.g., 13C
and 1H)  depending  on the  protonation  state  of adjacent  acidic  or basic  sites.  When  these  chemical  shifts
are  plotted  against  the  pH,  the inflection  point  of the  resulting  sigmoidal  curve  defines  the  pKa value.
Although  pKa determinations  by 1H NMR  spectroscopy  are  reported  for  numerous  cases,  the  potential  of
this  approach  is  not  yet fully  evaluated.  We therefore  revisited  this  method  with  a  diverse  set of  test  com-
pounds  covering  a  broad  range  of pKa values  (pKa 0.9–13.8)  and  made  a  comparison  with  four  commonly
used  approaches.  The  methodology  revealed  excellent  correlations  (R2 = 0.99  and  0.97)  with  electropo-
tentiometric  and  UV spectroscopic  methods.  Moreover,  the  comparison  with  in silico  results  (Epik  and
Marvin)  also  showed  high  correlations  (R2 =  0.92  and  0.94),  further  confirming  the  reliability  and  utility
of  this  approach.
©  2014  Elsevier  B.V.  All  rights  reserved.
1. Introduction
pKa values of acids and protonated bases have an essential
impact on organic synthesis, medicinal chemistry, and material
and food sciences. In drug discovery and development, they are
of utmost importance for the prediction of pharmacokinetic and
pharmacodynamic properties such as permeation through biolog-
ical barriers, interactions with targets, or induction of side effects
[1]. It is therefore indispensable to have access to this parameter at
an  early stage of a medicinal chemistry program.
For the determination of pKa values, various experimen-
tal approaches are commonly used. First, protonation and
deprotonation can be followed by UV-spectroscopy [2]. Second
potentiometric measurements, also called the pH-metric approach,
enable the determination of pKa values [3]. Third, with capillary
electrophoresis, an additional method is available. As the migra-
tion time of a compound through a capillary depends on the fraction
of charged compound, the pKa value is derived from the inflection
∗ Corresponding author. Tel.: +41 61 267 1551; fax: +41 61 267 1552.
E-mail  address: beat.ernst@unibas.ch (B. Ernst).
1 These authors contributed equally to this work.
point of the sigmoidal curve obtained when the retention times are
plotted against the pH of various buffers [4]. Finally, in silico pKa
prediction offers an alternative to experimental methods [5].
NMR  spectroscopy offers a valuable alternative, since the pro-
tonation state of adjacent centers relates to the chemical shifts of
NMR-active nuclei [6] and an NMR  spectrometer is available in
most chemists’ laboratories. Although specific approaches based on
15N, 11B, 19F or 31P NMR  spectroscopy are reported [7–10], the pH-
dependence of chemical shifts of 13C nuclei adjacent to ionizable
groups is a more general approach [11] and has successfully been
employed for the determination of pKa values of both acids [6,12]
and protonated bases [13]. Additionally, 13C NMR  spectroscopy
(often in combination with 1H or 15N NMR) allows the determina-
tion of pKa values in isotopically enriched proteins. The applicability
has been demonstrated with, e.g., calmodulin [14]. Furthermore,
pH-implications on structure (see e.g. [15]) and functionality (see
e.g. [16]) of peptides and proteins can be investigated as well. If no
isotope enrichment is available, the low natural abundance of 13C
nuclei (1.11%) results in prolonged recording times, representing a
substantial drawback.
In  contrast, 1H nuclei have a higher natural abundance, which
leads to a sensitivity improvement by a factor of 5600 compared
to 13C, enabling the use of smaller amounts of sample as well
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Fig. 1. 1H chemical shift dependence on the ionization state of the analyte paracetamol. When plotted against the corresponding pH values, the pKa value corresponds to
the  inflection point of the resulting sigmoidal curve. The downfield doublet (resonance 1) corresponds to the two protons in meta-position to the hydroxy-group, whereas
the  upfield resonance 2 represents those at the ortho-position. The pKa derived from both resonances is 9.80 after correction for D2O, compared to 9.63 determined by an
electropotentiometric measurement [22].
as shorter recording times. The first applications were published
in 1973 using a 60 MHz  continuous wave spectrometer [17], and
an adapted procedure to FT-NMR spectrometers was  published in
2012 [18]. Moreover, an automated NMR  controlled titration was
described in 1995 [19]. The approach has found broad application
in biology, i.e., for the pKa determination of amino acids [20], or
whole proteins such as human thioredoxin [21].
In  summary, despite its occasional use the broad applicabil-
ity of 1H NMR  for pKa determinations in drug discovery has
not been fully demonstrated. Furthermore, the method has not
been extensively validated against other approaches. We therefore
explored its scope and limitation and compared the results with
two experimental methods, namely potentiometric [22] and UV-
spectroscopic (measured by Sirius SGA, spectral gradient analysis,
according to [23]) pKa determinations. In addition, a comparison
with two in silico tools (Epik [24], based on the Hammett and Taft
empirical equations and Marvin [25], based on the calculation of
partial charge of atoms) completed the validation process.
2.  Materials and methods
2.1.  Instrument and chemicals
NMR  experiments were performed on a Bruker Avance III
500 MHz  spectrometer equipped with a 5 mm  PABBO probe with
Z gradients at a temperature of 298 K. Spectra were recorded and
processed with Topspin 2.1 (Bruker, Switzerland). Chemical shifts
are given in ppm. 1D 1H NMR  experiments were performed with
presaturation in order to suppress the residual HDO signal.
Deuterium oxide and deuterated d6-dimethyl sulfoxide were
purchased from Armar Chemicals (Switzerland). Dimethyl sulf-
oxide, N-acetylneuraminic acid, diazepam, glycine, l-arginine,
l-cysteine, l-lysine, phenol, papaverine, propranolol, paracetamol,
neocuproine, 5-nitro-1,10-phenanthroline, 4,7-dimethoxy-1,10-
phenanthroline, 4-phenylbutylamine, serotonin, benzoic acid,
aniline, phenobarbital, diltiazem, promethazine, sucrose, 2,6-
dimethylaniline, 2,6-dimethylphenol, 2,2-dichloropropionic acid
and uracil were purchased from Sigma. Imidazole was pur-
chased from Acros Organics. Dioxane was obtained from Fluka.
1,10-phenanthroline and 2,2′-bipyridine were purchased from
Riedel-de Haën. Codeine phosphate, acetylsalicylic acid, ben-
zocaine, and phenazone were purchased from Siegfried AG.
4-aminopyridine-2-carboxylic acid was  purchased from Apollo
Scientific. 2-amino-1,10-phenanthroline was  purchased from
Specs. 3′-(!-d-mannopyranosyloxy)-biphenyl-4-carboxylate and
3′-chloro-4′-(!-d-mannopyranosyloxy)-biphenyl-4-carboxylate
were  synthesized in house [26]. 2-Naphthacenecarboxamide was
obtained from F. Hoffmann-La Roche (Basel, Switzerland).
2.2. Principle of pKa determination by 1H NMR
Chemical shifts of NMR-active nuclei (e.g., 13C and 1H)  depend
on the chemical environment, including the protonation state of
adjacent acidic or basic sites. Therefore, gradual alteration of the
pH causes changes in the chemical shifts that can be plotted against
the pH. The pKa of the corresponding protonation site can then be
extracted from the inflection point of the resulting sigmoidal curves
(see Fig. 1).
2.3.  pKa determination by 1H NMR
A 100 "M solution of the analyte in D2O was prepared and
dioxane (50 "M)  was  added as an internal standard (at 3.75 ppm
[27]). For compounds which were pre-dissolved in DMSO, DMSO
was taken as the internal standard (at 2.71 ppm [27]). The solu-
tion of 100 "M was  aliquoted into 9–15 samples and the pH values
of the samples were adjusted with 0.5 M or 8 M NaOH and 0.5 M
or 4 M HCl, respectively. The pH values were chosen close to the
predicted pKa (software CS ChemBioDraw® Ultra, version 11.0.1),
at the pKa itself, and at two extreme pH values, e.g. 1 and 13.5.
Aliquots (500 "l) of samples at each pH value were transferred to
5 mm NMR  tubes (Armar Chemicals, Switzerland) and the recorded
spectra were analyzed with MestReNova (Mestrelab research, ver-
sion 5.2.5-4119). The chemical shifts of the reporter proton close
to the ionizable center were plotted against the pH of the solution.
The resulting sigmoidal curve was  subjected to nonlinear curve
fitting using Prism® (GraphPad, version 5.0b and 5.0f). The pKa
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measurements were performed in D2O, 0.45 pH units were sub-
tracted to yield the corrected pKa values for a nondeuterated
environment [28].
When  sample consumption is critical, the titration is done
progressional in a single NMR  sample, lowering the compound
consumption to as little as 25 !g for an analyte with a molecular
weight of 500 g/mol. Furthermore, when small volume NMR  tubes
(200 !L compared to 500 !L of a standard tube of 5 mm diameter)
are used, compound consumption can be further lowered to 10 !g.
As a consequence, the pKa value of compounds with a solubility of
as little as 50 !g/mL can still be analyzed. Lower solubility can be
improved by using different solvents (e.g., CD3OD, CD3CN), allow-
ing the determination of pKa values of sparsely soluble compounds.
When water/organic solvent mixtures are used, the influence of
the organic solvent on the pKa value can be corrected by apply-
ing Yasuda–Shedlovsky extrapolations [29,30]. Furthermore, since
NMR is a non-destructive method, the analyte can be recovered
provided that no pH-dependent decomposition occurred.
The  overall recording time is typically in the range of less than
5 min  per data point and thereby reduced by a factor of 10 com-
pared to 13C NMR  spectroscopy. A further advantage of the 1H NMR
method is the possibility to start from a DMSO stock solution as usu-
ally prepared for biological testing. In contrast to methods in earlier
publications (see e.g. [28]) HCl and NaOH were used instead of DCl
and NaOD for the pH-adjustment of the samples. The small amounts
of added base or acid did not generate spectral disturbances when
the H2O signal was suppressed (see e.g. [20]).
3. Results and discussion
For  the determination of pKa values various methods are avail-
able, namely UV-spectroscopic [2], potentiometric [3], and capillary
electrophoretic [4] techniques. These experimental methods offer
the advantage of being highly compatible with automation,
and therefore, are promising candidates for medium- to high-
throughput applications. Moreover, overlapping pKa values for
compounds can be determined and, with an appropriate co-solvent,
pKa values for compounds with low solubility can be determined
as well.
Major drawbacks of these three approaches for pKa deter-
mination are the inaccessibility of information on the sites of
protonation and the requirement of expensive, automated instru-
mentation, or laborious and time-consuming manual titration
experiments. In addition, the required amount of sample is
often critical. Typically, only milligram amounts of a test com-
pound are available and the investment in expensive equipment
is not always justified for single pKa determinations. Further-
more, sample impurities can lead to distorted results, with the
exception of capillary electrophoresis due to its separation tech-
nique. Additionally, the UV-spectroscopic approach relies on
chromophores located in proximity to the ionizable centers.
In  contrast to the experimental approach, in silico pKa predic-
tions are fast and inexpensive. Nevertheless, commercial software
needs to be trained and validated when applied to a new class of
compounds [5].
For  the evaluation of the 1H NMR  approach a diverse set of test
compounds covering a broad range of pKa values (pKa 0.9–13.8)
was selected (Table 1). Furthermore, pKa values were measured for
compounds with up to three ionizable centers. The excellent cor-
relation of pKa values over a range of 12 orders of magnitude with
reference values determined by electropotentiometry [22] and UV-
spectroscopy (measured by Sirius SGA according to [23]) is reflected
by R2 values of 0.99 and 0.97, respectively (Fig. 2A). In addition,
the absolute average deviation of 1H NMR  pKa values compared
to UV-spectroscopic and EPD were ±0.37 and ±0.25, respectively.
Fig. 2. (A) Comparison of published data from electropotentiometry [22] (black
dots)  and data obtained from UV-spectroscopic (orange triangles) measurements
with  values obtained by the presented 1H NMR  method; (B) comparison of 1H NMR
determined pKa values with computed values calculated with Epik [24] (black dots)
and Marvin [25] (orange triangle) (cf. Table 1). pKa values determined by 1H NMR
are indicated as an average of the inflection points deduced from the detectable
chemical  shifts.
Moreover, the comparison with in silico results also exhibits a high
correlation (R2Epik = 0.92, R2Marvin = 0.94) (Fig. 2B).
A  major advantage of this approach is the accessibility of pKas of
different sites of protonation, since the chemical shift differences
of the reporter protons depend on the distance from the ionizable
center. For example, for serotonin (Table 1, entry 34, Fig. 3B and
C) two  pKa values can be allocated (pKa1: 10.02 ±0.03 for the NH2
group, based on the chemical shifts of the protons H8 and H9 and
pKa2: 10.89 ±0.09 for the phenolic OH, based on the chemical shifts
of the protons H2, H4, H6, and H7). As demonstrated with the exam-
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Table 1
pKa values obtained by 1H NMR  spectroscopy compared to published data obtained by electropotentiometric determination (EPD) (values are taken from one source [22],
unless  indicated otherwise); values from UV-spectroscopic determinations were measured with a Sirius SGA according to [23]. Furthermore, in silico data (Epik [24] and
Marvin  [25]) are shown. n.d. = not determined. Entry 2 was measured by potentiometric titrations according to [31] using a GLpKa from Sirius Analytical Instruments Ltd.
Entry Compound name and structure
(ionizable  centers in red;
reporter protons in bold)





pKa by EPD [22] In silico pKa
Epik [24] Marvin [25]
Compounds with a single pKa
1 0.1
H
NPh 0.91 (CH3) n.d. 1.44 2.53 0.37
2




















n.d.  2.39 2.03 2.78
4  1 COOH 2.45 (H7) n.d. 2.60 2.85 2.72
5  0.1
H
NCH3 2.98 (H9) n.d. 3.35 5.10 2.92
6  0.1 NH 3.21 (H
3,8) 3.66 3.57 [32] 3.88 2.11
7 0.1 COOH 3.20 (o-H) n.d. 3.50 4.57 3.41
8  0.1 COOH 3.56 (H2,6) 3.64 – 4.21 4.06
9  0.1 NH3 3.60 (m-H)
3.65(p-H)
3.60 (CH3)
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Table  1 (Continued)
Entry Compound name and structure
(ionizable  centers in red;
reporter protons in bold)





pKa by EPD [22] In silico pKa
Epik [24] Marvin [25]
10 0.1 COOH 4.05 (H3,5) 3.62 – 4.29 4.07
11  0.1 COOH 3.97 (o-H)
3.96  (m-H)
3.96  (p-H)
n.d.  3.98 4.20 4.08
12  0.1 NH3 4.30 (o-H)
4.32  (m-H)
4.30  (p-H)
n.d.  4.60 [33] 4.10 4.64
13 0.1 NH 4.50 (H
6,6′ ) 4.54 4.44 [34] 4.50 3.30





5.00 4.80 [35] 4.92 3.00
15  0.1 NH 5.33 (H
2,9) 5.57 5.78 [32] 5.08 3.46
16  0.1 NH 5.61 (CH3) 5.74 6.15 [35] 5.41 3.65
17  1 NH 6.14 (H
3) n.d. 6.39 6.67 6.03
18  0.1
N
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Table 1 (Continued)
Entry Compound name and structure
(ionizable  centers in red;
reporter protons in bold)





pKa by EPD [22] In silico pKa
Epik [24] Marvin [25]
19 0.1 NH 6.40 (H
5) 6.73 – 5.52 4.33
20  0.1 NH 6.96 (H
2)
6.96 (H4,5)
n.d. 6.95 [36] 6.67 6.97





n.d.  8.22 9.42 9.19
23  1 N
H
(CH3)2 7.79 (CH3) n.d. 8.02 9.16 8.18
24  0.1 N
H
(CH3)2 9.12 (CH3) n.d. 9.00 8.75 9.14
25  0.1 NH2 9.31 (H′) n.d. 9.53 9.09 9.67
26  10 OH 9.80 (o-H)
9.80 (m-H)
9.79  (CH3)
n.d.  9.63 10.05 9.46
27  0.1 OH 9.92 (o-H)
9.92  (m-H)
9.91  (p-H)
n.d. 10.01 9.92 10.02
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Table  1 (Continued)
Entry Compound name and structure
(ionizable  centers in red;
reporter protons in bold)





pKa by EPD [22] In silico pKa
Epik [24] Marvin [25]
29 0.1 OH 10.61 (m-H)
10.62 (p-H)
11.18  (CH3)
10.29 – 10.31 10.73
30 0.5 OH 12.82 (H4) n.d.  12.60 13.08 13.84
Compounds  with two pKa values
31 0.1 COOH 0.99 (H3)
0.93 (H5)
0.98 (H6)




9.43 – 9.32 9.00
32 5 COOH 2.92 (H2) n.d. 2.34 [37] 2.48 2.31
NH3 9.65 (H2) n.d. 9.60 [37] 8.75 9.24
33  0.5 NH1 9.34 (H5)
9.31 (H6)
n.d.  9.21 9.10 9.77
NH2 13.76 (H5)
13.50 (H6)
n.d.  13.28 9.45 13.79
34 0.5 NH3 10.00 (H9)
10.04 (H8)





n.d.  10.91 9.84 10.00
Compounds  with three pKa values
35 10 COOH 1.63 (H4)
1.31 (H3)
1.54 (H2)




n.d.  9.04 [37] 8.77 9.12
NH2 12.08 (H3)
12.24 (H4)
n.d.  12.48 [37] 12.28 12.41
36 10 COOH 1.54 (H2) n.d. 1.71 [37] 1.75 2.35
SH 8.59 (H2) n.d. 8.33 [37] 8.64 9.05
NH3 10.64 (H2) n.d. 10.78 [37] 8.24 10.17
37 10 COOH 1.56 (H2)
1.61 (H4)
n.d.  2.18 [37] 2.12 2.74
NH3 9.03 (H2)
9.14 (H4)
n.d.  8.95 [37] 9.88 9.44
NH3 10.31 (H4)
10.53 (H6)













0.1 OH 2.65 (H4) 3.13 – 4.85 4.24
Ph-OH  8.40 (CH3) 7.40 – 6.71 7.83
N
H
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Fig. 3. Chemical shifts plotted against pH. The pKa can be deduced from the inflec-
tion point of the sigmoidal curves for (A) glycine and (B,C) serotonin.
and 2,6-dimethylphenol (entry 29), equal pKa values are obtained
independent of the distance of the reporter proton to the ionizable
center. Glycine is an example where the pKa values of two differ-
ent ionizable centers can be determined with one reporter proton
(Table 1, entry 32 and Fig. 3A). Moreover, the applicability to com-
pounds with more than two ionizable centers is demonstrated in
entries 35–38. However, not every chemical shift of the 1H NMR
spectra can be used for the analysis because the resonance of the
internal standard (e.g. DMSO or dioxane) or of H2O may  overlap
with resonances of reporter protons.
4. Conclusions
For the determination of pKa values by 1H NMR, several features
need to be considered. First, especially in cases where only a rough
estimate of pKa values (±1.00) rather than high-accuracy data is
required, the methodology is highly valuable because compound
requisition in the microgram range and recording times of only a
few minutes per pH value are required. However, even in cases
where high-accuracy data are requested, compound requisition
could be kept low by applying small volume NMR  tubes (volume
of 200 !L) and/or increasing recording times. Second, compounds
can be recovered because the method is non-destructive. Third,
pKa determination in D2O is feasible when a correction factor is
applied [28]. Fourth, an additional strength of this approach is that
it allows the correlation of pKa values with the various protonation
sites. Fifth, in cases where the chemical shifts of protons adjacent
to the ionizable centers are not resolved, NMR  spectroscopy with
other nuclei, including 13C, 15N or 19F, or 2D-methods, such as
HSQC, could be applied. Finally, with the use of different solvents
(e.g., CD3OD, CD3CN), solubility could be improved, allowing the
determination of pKa values in sparingly soluble compounds.
In  conclusion, 1H NMR  spectroscopy allows a fast, sensitive and
reliable determination of pKa values over a broad pH-range, and
can be used for compounds with more than one ionizable cen-
ter. Furthermore, it is applicable to compounds with low solubility,
and only microgram amounts of an analyte are required. Finally,
the results from pKa determination by 1H NMR  correlate well with
data obtained with the commonly used potentiometric and UV-
spectroscopic methods.
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135+$!'//'Z/!1<!35+!4N0P%Y!6&'3<1$BL! O(!/1B+!8'/+/D!;5+$+!/1&#M.&.3Z! ./! &1;+$!35'(!WH!})lB^D!35+!







































R)1?-$!PVZV! 4&13/! 1<! 2.(+3.8! /1&#M.&.3Z! c})lB^d! 7+$/#/!4NP4N! &1)!=+! c8Bl/e! 6Y! JLjdL!0'3'! $+6$+/+(3! 35+!B+'(!
1(&ZL!F3'(*'$*!*+7.'3.1(/!<1$!/1&#M.&.3Z!'$+!~!WH!})lB&!;.35!35+!B+*.'(!1<!V!})lB&!'(*!<1$!4NP4N!&1)!=+!7'&#+/!
~!GLH! 8Bl/!;.35! 35+!B+*.'(! 1<! HLI! 8Bl/! c/1&#M.&.3ZD! 3$.6&.8'3+/e! 4NP4N! &1)!=+! 8Bl/D! `#'*$#6&+3/dL! _&'//+/! 1<!
=.B[! '(3')1(./3/! '$+! /51;(! .(! M&'82! cM.65+(Z&k9idD! M&#+! c65+(Z&'B.(165+(Z&dD! )$++(! cM+("'B.*Z&65+(Z&dD!
Z+&&1;! c65+(Z&/`#'$'B.*+/dD! )$+Z! c.(*1&.(Z&65+(Z&! '(*! .(*1&Z&65+(Z&hdD! $+*! c6Z$$1&Z&65+(Z&! '(*!
6Z$.*.(Z&65+(Z&IHdD!'(*!1$'()+!cG9_9M$'(85+*!/#)'$/dL!0'/5+*!&.(+!1(!35+!Z9'R./!.(*.8'3+/!35+!35$+/51&*!<1$!&1;!




<1$! 35+!6$+*.83.1(!1<!613+(3.'&!1$'&!M.1'7'.&'M.&.3Z!1<!'!=.B[!'(3')1(./3! c=.)#$+!jLIHdL!@'/+*!1(! 35+!
('(1B1&'$! '<<.(.3.+/! 1<! '! =.B[! '(3')1(./3/D! '!B.(.B#B! /1&#M.&.3Z! 1<! '3! &+'/3! WH!})lB^! ./! $+`#.$+*!
M+<1$+! 135+$! '//'Z/! '$+! 6+$<1$B+*! '(*! 31! +R8&#*+! M.'/+*! $+/#&3/L! _1(8+$(.()! &.6165.&.8.3ZD!
81B61#(*/!;.35! '! &1)!RJLj! y! I! '$+!B1$+! &.2+&Z! 31! /51;!6'//.7+! 6+$B+'M.&.3ZD!;5+$+'/! 81B61#(*/!
;.35! '! &1)!RJLj! |! I! /51#&*! M+! /8$++(+*! <1$! 61//.M&+! 6$1*$#)! '66&.8'3.1(! 1$! '83.7+! #63'2+! MZ!
3$'(/61$3+$/! c<1$! *+3'.&/! $+<+$! 31! 85'63+$! jLGD! 6')+! iJdL! =1$! 35+! *+3+$B.('3.1(! 1<! 6'//.7+!
6+$B+'M.&.3ZD!4NP4N!'(*!_'819G!'//'Z/!;+$+!6+$<1$B+*!'(*!35+!35$+/51&*/!;+$+!/+3!'/!*+/8$.M+*!.(!
U+<LIVDIWDGI!=#$35+$B1$+D! /3'M.&.3Z! .(!)'/3$1.(3+/3.('&! <&#.*/! ./!'!6$+$+`#./.3+! <1$!6+$B+'M.&.3Z! 35$1#)5!
35+!+(3+$18Z3+/! c<1$!*+3'.&/!$+<+$!31!85'63+$!jLjD!6')+!GIJdL!=.('&&ZD! 35+!B.(.B'&!$+`#.$+*!/1&#M.&.3Z!
<1$!5(%757-!/3#*.+/!;'/!8'&8#&'3+*!c*1/+!7/L!B'R.B'&!71&#B+!<1$!3$+'3B+(3dD!'(*!6$1*$#)!'66$1'85+/!





















































































! P'0/*8(%! ?*%0!0*%*/! <\!6@
! P'0/*8(%! ?*%0!4>>(O2*/!<\!#$@


























kL! \&+.(D! YLe! NM)133/61(D! 0Le! ,.33;+$D! PLe! U'MM'(.D! FLe! [+$1&*D! QLe! Q.'()D! aLe! \&++MD! FLe! ^#+35.D! _Le!
F85'$+(M+$)D!PLe! @+"+(81(D! QLe! A#M&+$D! %Le! 4'()D! ^Le! FB.+/21D!PLe! _#33.()D! @Le! F85;'$*3D! KLe! %$(/3D! @L!
=.B[!N(3')1(./3/! <1$! 35+!K$'&!Y$+'3B+(3!1<!?$.('$Z!Y$'83! O(<+83.1(/]!=$1B!0+/.)(!'(*!FZ(35+/./! 31! 5(%
<50.-!'(*!.(!E.71!%7'&#'3.1(L!?1%@#)1%A3#&1%HWFWD!BJD!ikGJ9ikjIL!
JL! 4'()D! ^Le! \&++MD! FLe! ^+BB+D! \Le! U'MM'(.D! FLe! F85'$+(M+$)D!PLe! S'&+;/2.D! NLe! F85'*&+$D! =Le! F85;'$*3D!KLe!
%$(/3D!@L!=.B[!'(3')1(./3/]!/3$#83#$+9'83.7.3Z!'(*!/3$#83#$+96$16+$3Z!$+&'3.1(/5.6/!<1$!M.65+(Z&!'&65'909
B'((16Z$'(1/.*+/L!A3#&@#)A3#&%HWFHD![D!IjHj9GGL!
iL! \&++MD! FLe! 4'()D! ^Le!P'Z+$D! \Le! %$./D! 0Le! F.)&D! NLe! 4$+/31(D! UL! _Le! S.5&B'((D! 4Le! F5'$6+D! YLe! Q'21MD! UL! 4Le!
NM)133/61(D!0Le![#33+$D!NL!FLe!F85'$+(M+$)D!PLe! Q.'()D!aLe!:'7'$$'D!ALe!U'MM'(.D!FLe!FB.+/21D!PLe!^#*.(D!





IHL! 4'()D! ^Le!@+"+(m1(D! QLe! \&++MD! FLe!U'MM'(.D! FLe! F.)&D!NLe! FB.+/21D!PLe! F')+$D!_L4Le! %$./D!0Le! F85;'$*3D!KLe!
%$(/3D!@L!=.B[!N(3')1(./3/!b!F1&#M.&.3Z!7/L!4+$B+'M.&.3ZL!A'.6-3K).'0#%A3#&590.KD!HWFXD!LED!Gji9GJVL!
IIL! F85;'$*3D!KLe!U'MM'(.D!FLe!['$3B'((D!PLe!NM)133/61(D!0Le!,.33;+$D!PLe!\&++MD!FLe!S'&+;/2.D!NLe!FB.+/21D!
PLe! _#33.()D! @Le! %$(/3D! @L! 0+/.)(D! /Z(35+/./! '(*! M.1&1).8'&! +7'&#'3.1(! 1<! B'((1/Z&! 3$.'"1&+/! '/! =.B[!
'(3')1(./3/L!H5--./'(5M%V%@#)1%A3#&1%HWFFD!FCD!kjWj9kjJVL!
IGL! \'(/ZD! PLe! F+((+$D! =Le! A#M+$('31$D! \L! 45Z/.8185+B.8'&! 5.)5! 35$1#)56#3! /8$++(.()]! 4'$'&&+&! '$3.<.8.'&!




IjL! A#.B'$'+/D! _L! ULe! P'35.1;+3"D! NL! PLe! F5'&'+7'D! PLe! A1+3"D! ALe! ^.$'/D! FL! ?/+! 1<! V0! 6$16+$3.+/! 31!
85'$'83+$."+!M+Z1(*!$#&+91<9W!6$16+$3Z!/6'8+!<1$!6'//.7+!6+$B+'3.1(L!?1%A3#&1%*(,1%@-)#$%HWFHD!BED!iiG9
hHL!









IhL! ^.6.(/2.D! _L! NL! 0$#)9&.2+! 6$16+$3.+/! '(*! 35+! 8'#/+/! 1<! 611$! /1&#M.&.3Z! '(*! 611$! 6+$B+'M.&.3ZL! ?1%
=3'.&'M-$-1%"-X5M-$-1%@#03-)9%HWWWD!LLD!GVW9GjhL!






















31! )'.(! '83.7+&Z! 3$'(/&18'3+*! 1$! B1$+! &.6165.&.8! 81B61#(*/D! ;5.85! 6'//.7+&Z! 6+$B+'3+! 35+!
B+BM$'(+/!c+L)L!+/3+$!6$1*$#)D!4'6+$!GD!6')+!IHJd!31!.B6$17+!1$'&!*$#)!*+&.7+$ZL!!
!








F.(8+! 1$'&! '*B.(./3$'3.1(! ./! 35+! B1/3! 81(7+(.+(3! '(*! 81BB1(! ;'Z! 1<! *$#)! '66&.8'3.1(D! ;+! '$+!
'.B.()! <1$! 1$'&&Z! '7'.&'M&+! =.B[! '(3')1(./3/L 4+$B+'M.&.3Z! 35$1#)5! 35+! +(3+$18Z3+! 1<! 35+! /B'&&!
.(3+/3.(+/!*+6+(*.()!1(!6'//.7+l'83.7+!#63'2+!B+85'(./B/!./!+//+(3.'&!<1$!1$'&!*$#)!*+&.7+$ZL!=1$!35+!
=.B[!'(3')1(./3/D! $+('&!+&.B.('3.1(! ./! <#$35+$! $+`#.$+*! 31! $+'85!35+.$! 3'$)+3!=.B[!'3! 35+! 3.6!1<! 35+!
M'83+$.'&! 6.&.D! &18'3+*! .(! 35+! M&'**+$L! K#$! '.B! ./! 31! .*+(3.<Z! '(3')1(./3/D!;5.85! <.$/3! 17+$81B+! 35+!
.(3+/3.('&! B+BM$'(+! 31! $+'85! 8.$8#&'3.1(! '(*! /+81(*&Z! '$+! $+('&&Z! +R8$+3+*! /#85! 35'3! 5.)5!
81(8+(3$'3.1(/!.(!35+!M&'**+$!17+$!'(!+R3+(*+*!6+$.1*+!1<!3.B+!8'(!M+!'85.+7+*!'(*!B#&3.6&+!*1/.()!




1<! .(3+$+/3! <1$!*$#)!*+&.7+$ZD!M#3!'&/1! <1$!*$#)9*$#)! .(3+$'83.1(/D!;5.85!8'(!5'7+!8&.(.8'&!+<<+83/!'/!
;'/!/51;(!.(!35+!8'/+!1<!*.)1R.(!'(*!`#.(.*.(+!.(3+$'83.()!;.35!35+!+<<&#R!3$'(/61$3+$!49)6LV!!
O(! 35./! /3#*ZD! *.<<+$+(3! B'((1/.*.8! =.B[! '(3')1(./3/! ;.35! 7'$.1#/! ')&Z81(+/! '(*! ;.35! 7'$.1#/!
65Z/.8185+B.8'&!6$16+$3.+/!cY'M&+!jLId!;+$+!'('&Z"+*D!35'3!'$+!M.65+(Z&!c"F*Dj!F6DW!F/D!F2D!F$Dj!'(*!
F,! 9! F0dD! 65+(Z&'B.(165+(Z&! c"HdD! M+("'B.*Z&65+(Z&! c"KdD! 65+(Z&/`#'$'B.*+! c"PdD!
.(*1&.(Z&65+(Z&! c"S*Dk! S6Dk! S/D! '(*! S2dD! .(*1&Z&65+(Z&! c"T*k! '(*! T6kd! 6Z$$1&Z&65+(Z&! c"XJd! '(*!
6Z$.*.(+65+(Z&/! c"[J! '(*! Zkd! 5+63Z&! c"FWdD! 65+(Z&3$.'"1&Z&B+35Z&! c"FFid! 65+(Z&3$.'"1&Z&! c"FHidD!






.(3+$'83.1(!1<!=.B[!'(3')1(./3/!;.35! 35+!KNY4I@V! cF^_KI@Vd! 3$'(/61$3+$D!6$+/+(3! .(! 35+! &.7+$!;'/!
81(/.*+$+*! 31! )'.(! B1$+! /3$#83#$+! 6$16+$3Z! $+&'3.1(/5.6! cF4Ud! .(<1$B'3.1(! $+)'$*.()! KNY4!





1<! =.B[! '(3')1(./3/]! M.65+(Z&! cF*j]! F6W]! F/]! F2]! F$j]! F,]! F1]! F#D! F)D! F`D! F0dD! 65+(Z&'B.(165+(Z&! cHdD!
M+("'B.*Z&65+(Z&! cKdD! 65+(Z&/`#'$'B.*+! cPdD! .(*1&.(Z&65+(Z&! cS*kD! S6D! S/kD! S2dD! .(*1&Z&65+(Z&! cT*kD! T6kdD!














9HLi! y!VHHH!l!kLW! 9IH!! hJ!±!W!
!
GLI!±!HLH! IhG!±!W!l!JLj! 9WLG!±!HLH!l!JLj! Jk!±!W!
!
HLJ!±!HLI! y!GWH!l!JLj! 9iLk!±!HLG!l!JLj! (L*L!
!
ILH!±!HLI! y!VHH!l!JLj! 9JLV!±!HLH!l!JLj! hk!±!j!
!
GLV! IkLh!l!JLj! 9jLk! jh!±!G!
!





















































HLJ!±!HLH! VVV!±!V!l!JLj! 9IH!l!JLj! (L*L!
!
ILJ!±!HLI! yVkH!l!JLj! 9IH!l!JLj! (L*L!
!
GLi!±!HLH! GGj!±!k!l!JLj! 9iLG!±!GLI!l!JLj! (L*L!
!
GLj!±!HLI! VHH!±!i!l!JLj! 9kLj!±!HLI!l!JLj! (L*L!
!
ILi!±!HLI! IhG!±!GH!l!JLj! 9IH!l!JLj! (L*L!
!
|!9ILW! y!IWH!l!JLj! 9JLk!!ILk!l!JLj! (L*L!
!
9ILI!±!HLG! y!VWH!l!JLj! (L*L! (L*L!
!
9ILV!±!HLI! y!IWH!l!JLj! 9IH! kh!±!V!
!
ILh! Gj!l!kLW! 9WLW! Ji!±!H!
!






















































































GLk!±!HLI! hLi!±!HLV!l!JLj! 9WLj!±!HLI!l!JLj! hG!!j!
!
GLG!±!HLH! y!VHH!l!JLj! 9jLk!±!HLH!l!JLj! (L*L!
!
ILi! VILW!l!kLW! 9jLJ! Ii!±!IH!
!
ILi! ILj!l!kLW! 9jLh! VH!±!Ih!
!
GLi!±!HLI! y!IiH!l!JLj! 9jLi!±!HLI!l!JLj! iH!±!II!
!
ILV!±!HLI! y!GHH!l!JLj! 9iLk!!ILJ!l!JLj! (L*L!
!
ILV! GLj!l!kLj! 9iLH! IHj!±!i!
!
ILkW! y!VHHH!l!kLW! 9jLh! hW!±!IH!
!
HLG! y!GHHH!l!kLW! 9kLk! (L*L!
!


























































'd! 4'$3.3.1(! 81+<<.8.+(3/! c&1)!R[1Ld!;+$+!B+'/#$+*! MZ! '!B.(.'3#$./+*! /5'2+9<&'/2! 6$18+*#$+! '3! 6[! JLje! 7'&#+/!
$+6$+/+(3!35+!B+'(!;.35!35+!81$$+/61(*.()!/3'(*'$*!*+7.'3.1(!c/.R3#6&.8'3+/deIG!Md!Y5+$B1*Z('B.8!/1&#M.&.3Z!
;'/! *+3+$B.(+*! '3! 6Y! ~! kLWe! \.(+3.8! /1&#M.&.3Z! '3! 6Y! JLje! 7'&#+/! $+6$+/+(3! 35+! B+'(! ;.35! 35+! /3'(*'$*!
*+7.'3.1(!c3$.6&.8'3+/deIV!8d!=#!{!+<<+83.7+!6+$B+'M.&.3Z]!6'//.7+!6+$B+'M.&.3Z!35$1#)5!'(!'$3.<.8.'&!B+BM$'(+!;'/!
*+3+$B.(+*!MZ! 35+!6'$'&&+&! '$3.<.8.'&!B+BM$'(+!6+$B+'M.&.3Z! '//'Z! c4NP4Nd! '3! 6Y! JLje! 7'&#+/! $+6$+/+(3! 35+!




Y1! *'3+D! 1(&Z! '! <+;! *'3'! 1(! 35+! F4U! 1<!KNY4G@I! '$+! '7'.&'M&+LIkDIJ! N! 6$+7.1#/! /3#*Z! /51;+*! 35'3!
#(&'M+&+*!+/3$1(+!V9/#&<'3+! c%IFd! ./! '83.7+&Z! 3$'(/61$3+*! .(31!17+$+R6$+//+*!P0_\OO9KNY4G@I!8+&&/!
'(*!./!35+$+<1$+!8&'//.<.+*!'/!/#M/3$'3+!1<!35+!3$'(/61$3+$!KNY4G@ILIi!Y5+$+<1$+D!.(5.M.3.1(!1<!3$.3.#B!














(L*L! y!jHH!l!JLj! 9IH!±!HLH!l!JLj! (L*L!
!
(L*L! hLW!±!HLV!l!JLj! 9WLH!±!HLI!l!JLj! (L*L!
8&('-&+!8&.=&?(2:! ! ! ! !
!
(L*L! (L*L! 9WLj!!HLH!l!JLj! (L*L!
!









































0PFK! c(+)'3.7+! 81(3$1&dD! 7'$.1#/! =.B[! '(3')1(./3/D! 1$! 35+! 2(1;(! .(5.M.31$! '31$7'/3'3.(! c61/.3.7+!
81(3$1&dL! N<3+$! IH! B.(! 1<! .(8#M'3.1(! 8+&&/! ;+$+! ;'/5+*! ;.35! .8+981&*! 4@F! '(*! $'*.1'83.7.3Z! ;'/!
*+3+$B.(+*L!%.)53!1<!35+!Gi!3+/3+*!=.B[!'(3')1(./3/!+R5.M.3+*!613+(3!.(5.M.3.1(!;.35!'!$+*#83.1(!1<!
35+!KNY4G@I9B+*.'3+*!%IF!#63'2+!31!&+//!35'(!WHu!81B6'$+*!31!35+!(+)'3.7+!81(3$1&!cIHHuD!=.)#$+!
jLIIdL! Y5+/+! +.)53! =.B[! '(3')1(./3/! '$+! 35+! M.65+(Z&! B'((1/.*+/! F)! '(*! F`D! 35+! .(*1&.(Z&65+(Z&!




FPd! '(*! MZ! 35+! 2(1;(! .(5.M.31$! '31$7'/3'3.(! cNd! '<3+$! .(8#M'3.1(! <1$! IH!B.(L! _1B61#(*/!;+$+! '66&.+*! '3! '!
81(8+(3$'3.1(! 1<! IH! }PL! 0'3'! $+6$+/+(3! u! 1<! 0PFK! 81(3$1&! '(*! /51;/! 35+!B+'(! ;.35! 35+! 81$$+/61(*.()!
/3'(*'$*!*+7.'3.1(!c(!{!VdL!N/3+$./2!cd!.(*.8'3+/!/.)(.<.8'(3!*.<<+$+(8+!31!35+!0PFK!81(3$1&!7'&#+!c6!|!HLHWdL!
!
O(! '! /+81(*! '('&Z/./D! 35+! 5'&<!B'R.B'&! .(5.M.31$Z! 81(8+(3$'3.1(! cO_WHd! 7'&#+/! 1<! 35+! +.)53! 613+(3.'&!




























































'8.*D! 35+! 8Z'(.*+D! 35+! /#&<1('B.*+D! '(*! 35+! /#&<1(+! c"F*! 9! F2D! $+/6+83.7+&ZD! y! iHudD! 35+! :D:9
*.B+35Z&'B.(1+35Z&! +/3+$! c"F,D! y! iHud! 1$! 35+! :D:9*.B+35Z&'B.(1+35Z&! 'B.*+! c"F1! y!iHudL!
=#$35+$B1$+D! 35+! 81B61#(*! F)! ;.35! '! )&Z8.(+! 0#.09M#3Z&+/3+$! /51;+*! 5.)5+$! .(5.M.3.1(! 1<! 35+!
KNY4G@I9B+*.'3+*!%IF!#63'2+! c|!WHud! 35'(! 35+!'('&1)!;.35!'!)&Z8.(+!B+35Z&+/3+$! c"F#D!y!WHudL!
_1B61#(*!F)!;.35!'(!-.03-93$.<&#1$1B+35Z&!B1.+3Z!1(! 35+!'$1B'3.8! $.()!'*X'8+(3! 31! 35+!'(1B+$.8!
1RZ)+(! c"F)d! *+8$+'/+*! 35+! KNY4G@I9B+*.'3+*! %IF! #63'2+! MZ! '! <'831$! 1<! ILW! 81B6'$+*! 31!




B+*.'3+*!%IF!#63'2+! 31!kHuD!81B61#(*!S6!;.35!'!85&1$1!/#M/3.3#+(3! .(! 35+!1$351961/.3.1(!1<! 35+!
'$1B'3.8!$.()!'*X'8+(3!31!35+!'(1B+$.8!1RZ)+(!*+8$+'/+*!35+!#63'2+!31!&+//!35'(!GHuL!O(!'**.3.1(D!


















































































IC50 1.84 µM [CI 1.57 to 2.15]































IC50 4.72 µM [CI 3.57 to 6.24]































IC50 1.25 µM [CI 0.90 to 1.72]































IC50 2.63 µM [CI 2.03 to 3.39]






























l] IC50 1.76 [CI 1.45 to 2.12]































IC50 0.19 µM [CI 0.16 to 0.22]































IC50 4.70 µM [CI 3.87 to 5.72]








































=K..-$K$>3#(K$% '()%/8'(5)5(K$>3#(K$%&'((-95)#91! 4Z$$1&Z&65+(Z&!;.35! '(! +/3+$! '3! 35+! V961/.3.1(!1<!





Y5+/+! $+/#&3/! .&&#/3$'3+! 35'3! .(3$1*#8.()! *.<<+$+(3! /#M/3.3#+(3/! c.L+L! +/3+$/D! 'B.*+/D! 8'$M1RZ&'3+D! 1$!
M.1./1/3+$+/d! 1(! 35+! 1#3+$! '$1B'3.8! $.()! 1<! 35+! ')&Z81(+! 1$! 1(! 35+! '$1B'3.8! $.()! '*X'8+(3! 31! 35+!
'(1B+$.8!1RZ)+(!c85&1$1!1$!3$.<&#1$1B+35Z&d!.(<&#+(8+!35+!.(5.M.3.1(!1<!35+!KNY4G@I9B+*.'3+*!%IF!
#63'2+L![1;+7+$D!B1$+! .(<1$B'3.1(! ./!(++*+*!31!*+3+$B.(+!F4U!<1$! 35+!KNY4G@I!3$'(/61$3+$!'(*!
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/ IC50 5.20 [CI 3.95 to 6.86]
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FimH Antagonists for the Oral Treatment of Urinary Tract Infections: From Design and Synthesis
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Urinary tract infection (UTI) by uropathogenic Escherichia coli (UPEC) is one of the most common
infections, particularly affecting women. The interaction of FimH, a lectin located at the tip of bacterial
pili, with high mannose structures is critical for the ability of UPEC to colonize and invade the bladder
epithelium. We describe the synthesis and the in vitro/in vivo evaluation of R-D-mannosides with the
ability to block the bacteria/host cell interaction. According to the pharmacokinetic properties, a
prodrug approach for their evaluation in the UTI mouse model was explored. As a result, an orally
available, low molecular weight FimH antagonist was identified with the potential to reduce the colony
forming units (CFU) in the urine by 2 orders of magnitude and in the bladder by 4 orders of magnitude.
With FimHantagonist 16b, the great potential for the effective treatment of urinary tract infections with
a new class of orally available antiinfectives could be demonstrated.
Introduction
Urinary tract infection (UTIa) is one of the most common
infections, affecting millions of people each year. Particularly
affected are women, who have a 40-50% risk to experience at
least one symptomatic UTI episode at some time during their
life. In addition,more thanhalf of themexperience a relapse of
the infection within 6 months.1,2
Although UTIs rarely cause severe diseases such as pyelo-
nephritis or urosepsis, they are associated with high incidence
rate and consume considerable healthcare resources.3 Uro-
pathogenic Escherichia coli (UPEC) are the primary cause of
UTIs, accounting for 70-95%of the reported cases. Sympto-
maticUTIs require antimicrobial treatment, often resulting in
the emergence of resistant microbial flora. As a consequence,
treatment of consecutive infections becomes increasingly
difficult because the number of antibiotics is limited and the
resistance of E. coli is increasing, especially in patients with
diabetes, urinary tract anomaly, paraplegy, and those with
permanent urinary catheter. Therefore, a new approach for
the prevention and treatment of UTI with inexpensive, orally
applicable therapeutics with a low potential for resistance
would have a great impact on patient care, public health care,
and medical expenses.
UPEC strains express a number of well-studied virulence
factors used for a successful colonization of their host.3-5 One
important virulence factor is located on type 1 pili, allowing
UPEC to adhere and invade host cells within the urinary tract.
It enablesUPEC to attach to oligomannosides, which are part
of the glycoprotein uroplakin Ia on the urinary bladder
mucosa. This initial step prevents the rapid clearance of E.
coli from the urinary tract by the bulk flow of urine and at the
same time enables the invasion of the host cells.3,6
Type 1 pili are the most prevalent fimbriae encoded by
UPEC, consisting of the four subunits FimA, FimF, FimG,
and FimH, the latter located at the tip of the pili.7 As a part
of the FimH subunit, a carbohydrate-recognizing domain
(CRD) is responsible for bacterial interactions with the host
cells within the urinary tract.6 The crystal structure of the
FimH-CRD was solved8 and its complexes with n-butyl
R-D-mannopyranoside9 and ManR(1-3)[ManR(1-6)]Man10
recently became available.
Previous studies showed that vaccination with FimH ad-
hesin inhibits colonization and subsequentE. coli infection of
the urothelium in humans.11,12 In addition, adherence and
invasion of host cells by E. coli can also be prevented by R-D-
mannopyranosides, which are potent antagonists of interac-
tions mediated by type 1 pili.13 Whereas R-D-mannopyrano-
sides efficiently prevent adhesion of E. coli to human
urothelium, they are not exhibiting a selection pressure to
induce antimicrobial resistance. Furthermore, environmental
contamination is less problematic compared to antibiotics.14
More than two decades ago, Sharon and co-workers have
investigated various mannosides and oligomannosides as
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aAbbreviations: AUC, area under the curve; Caco-2 cells, Caucasian
colon adenocarcinoma cells; CFU, colony forming units; CRD, carbo-
hydrate recognition domain; DC-SIGN, dendritic cell-specific intercel-
lular adhesionmolecule-3-grabbing nonintegrin; CES, carboxylesterase;
IC50, half maximal inhibitory concentration; iv, intravenous; D, dis-
tribution coefficient; GPE, guinea pig erythrocytes; LC-MS, liquid
chromatography-mass spectrometry; MBP, mannose-binding protein;
PAMPA, parallel artificial membrane permeation assay; Papp, apparent
permeability;Pe, effective permeation; po, peroral; PPB, plasma protein
binding; PSA, polar surface area; S, solubility; SAR, structure-activity
relationship; sGF, simulated gastric fluid; sIF, simulated intestinal fluid;
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potential antagonists for type 1 fimbriae-mediated bacterial
adhesion.15 However, for these mannosides, only weak inter-
actions in the milli- to micromolar range were observed. In
contrast, numerous reports on glycoconjugate dendrimers
with nanomolar affinities have been published.16 However,
on the basis of their large molecular weight and high polarity,
they are predicted to exhibit only poor intestinal absorption
and are therefore not amenable for oral dosing. Recently,
some isolated reports on high affinity monovalent FimH
antagonists were published17 and, in one case, a systematic
structure-activity relationship (SAR) profilewas established.17d
In summary,8,9,15-19 long chain alkyl and aryl mannosides
(selected examples are presented in Figure 1) displayed the
highest affinity, likely due to hydrophobic interactions with
two tyrosines and one isoleucine forming the entrance to the
binding site, the so-called “tyrosine gate”.18 Because binding
affinities were obtained from diverse assay formats,9,17c,20 a
direct comparison of the affinities is difficult. On the basis
of various crystal structures of methyl-8 and n-butyl
R-D-mannoside18 as well as oligomannose-39 bound to FimH,
Han et al. recently presented a rationale for the design of
arylmannosides with increased affinities.17d
To date, a few reports on the in vivo potential of methyl
R-D-mannoside10,21,22 and n-heptyl R-D-mannoside (1)10 are
available. In all cases, the FimH antagonists were directly
instilled into the bladder concomitantly with uropathogenic
E. coli (UPEC). In this communication,wepresent for the first
time nanomolar FimH antagonists exhibiting appropriate
pharmacokinetic properties for iv and oral treatment of
urinary tract infections.
Results and Discussion
Identification of Lead Mannoside. In most of the reported
FimH antagonists, aromatic aglycones have been applied.17
However, only limited information on the optimal spacer
length between the mannose moiety and the aromatic sub-
stituent is available. Generally, the aromatic moiety is directly
fused to theanomericoxygen.17a-dExtendedspacers containing
one17b,d or two17e methylene moieties were also reported,
however, the corresponding antagonists are not really com-
parable to each other because different assay formats were
used for their evaluation. For the identification of the
optimal spacer length, we therefore synthesized mannosides
7a-d (Scheme 1). In a competitive binding assay,23 manno-
side 7a showed a slightly higher affinity (Table 1, entry 2)
compared with 7b-7d (see Table 1, entries 3-5), confirming
recent data for 7a and 7b.17d
From the crystal structure of n-butyl R-D-mannoside
bound to FimH,18 it becomes obvious that the hydrophobic
rim formed by Tyr48, Tyr137, and Ile52 is not reached by an
anomeric phenyl group. An extension by a second aromatic
ring, i.e. a biphenyl R-D-mannoside, however, should be
compatible for π-π staking. Indeed, some recently pub-
lished representatives of this compound class show excellent
affinities.17d
To achieve an optimal fit with the hydrophobic binding
site of FimH, the conformation of the biphenyl aglycone in i
was modified by different substitution patterns on ring A
(Figure 2). Because electron poor aromatic rings substan-
tially improve the binding affinities of FimH antagonists (a
10-fold improvement is reported for 2B vs 2A17c), chloro
substituents on ring A were used for the spatial exploration
of the binding site. With substituents in ortho-position, only
aminor change of thedihedral angleΦ1 is observed (-3.3! to-
0.7!). However, by an increased rotational barrier, the con-
formational flexibility is limited. The dihedral angle Φ2
between the conjugated aromatic rings results from an inter-
play between π-conjugation and steric effects.24,25 By mi-
grating the substituent to themeta-position, the torsion angle
Φ2 is substantially influenced.Whereas unsubstituted biphe-
nyls show a global twisted minimum at a torsion angleΦ2 of
approximately 39!,26 substituents in themeta-position favor
an increase of Φ2 to 60!. Details of the conformational
analyses are summarized in the Supporting Information.
Design Strategy for Intestinal Absorption and Renal Elim-
ination. Besides high affinity, drug-like pharmacokinetic
properties are a prerequisite for a successful in vivo applica-
tion. In the present case, orally available FimH antagonists
Figure 1. Known alkyl (1) and aryl (2-4) R-D-mannosides exhibiting nanomolar affinities.
Scheme 1. Phenyl R-D-Mannosides 7a-7d with Spacers of Different Lengths between the Carbohydrate Moiety and the Phenyl
Substituenta
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that, once in circulation, are metabolically stable and under-
go fast renal elimination, are required. This pharmacokinetic
profile results from various serial and/or simultaneous pro-
cesses that include dissolution, intestinal absorption, plasma
protein binding, metabolic clearance, body distribution as
well as renal andother clearancemechanisms.Because intestinal
absorption and renal elimination are related to opposed
properties, i.e. lipophilicity for intestinal absorption and
hydrophilicity for renal elimination, a prodrug approach27
was envisaged (Figure 3). Ester ii is expected to undergo
intestinal absorption28 and, later on, efficient hydrolysis to
carboxylate iii by esterases29 present in enterocytes lining the
small intestine and in the liver.
For renal clearance, the net result of glomerular filtration,
active tubular secretion, and reabsorption, carboxylate iii
should exhibit low lipophilicity (log D7.4) and favorable
polar descriptor values (polar surface area (PSA), H-bond
capacity and rotatable bonds).32 By contrast, lipophilic
compounds are efficiently reabsorbed (as the passive reab-
sorption process occurs throughout the length of the ne-
phron, whereas the secretion predominantly occurs at the
proximal tubule). The estimated negative log D7.4 for an-
tagonists of type iii is expected to fulfill these specifications
for an efficient renal elimination and a low reabsoption. Finally,
once arrived at the site of action in the bladder, the antago-
nist binds to the carbohydrate recognition domain (CRD)
located on the bacterial pili, thus interfering with the adhesion
of E. coli to oligosaccharide structures on urothelial cells.34
To identify antagonists with the pharmacokinetic properties
required for oral absorption and fast renal elimination, it was
planned to determine PK parameters such as log D7.4, pKa,
solubility, plasma protein binding, metabolic stability, and
oral availability using the parallel artificial membrane per-
meation assay (PAMPA)30 and the Caco-2 cell assay.31
Synthesis of FimH Antagonists. The aglycone in the R-1-
position of D-mannose plays a ternary role, i.e. itmediates the
lipophilic contact with the hydrophobic tyrosine gate, con-
tains the elements required for intestinal absorption and, after
metabolic cleavage of the prodrug, for a fast renal elimination.
The syntheses of the para-substituted biphenyls 16a-e and
17a-c,e are outlined in Scheme 2. Lewis acid promoted
glycosylation of the halogenated phenols 13a-e with tri-
chloroacetimidate 1235 yielded the phenyl R-D-mannosides
14a-e. In a palladium-catalyzed Suzuki coupling with
4-methoxycarbonylphenylboronic acid, the biphenyls 15a-e
were obtained. For the deprotection of the mannose moiety,
Zempl!en conditions were applied (f 16a-e). Finally, the
methyl esters were saponified, yielding the sodium salts
17a-c,e.
In a similar approach, two meta-substituted biphenyls in
their ester form (f 21a,b) and as free acids (f 22a,b) were
obtained (see Scheme 3).
Binding Affinities and Activities. For the biological in vitro
evaluation of the FimH antagonists, two assay formats have
been developed. For an initial characterization, a cell-free
competitive binding assay23 and, later on, a cell-based ag-
gregation assay,33 were applied. Whereas in the cell-free
competitive binding assay only the CRDof the pili was used,
the complete pili are present in the cell-based assay format.
Furthermore, both formats are competitive assays, i.e. the
analyzed antagonists compete with mannosides for the
binding site. In the cell-free competitive binding assay, the
competitors are polymer-bound trimannosides, whereas in
the aggregation assay, the antagonist competes with more
potent oligo- and polysaccharide chains present on the sur-
face of erythrocytes.36 Therefore, lower IC50 values are
expected for the cell-free competitive binding assay. In
addition, switching from the cell-free target-based assay to
the function-based assay generally leads to a reduction of
potency by several orders of magnitude. The interaction is
further complicated by the existence of a high- and a low-
affinity state of the CRD of FimH. Aprikian et al. experi-
mentally demonstrated that in full-length fimbriae the pilin
domain stabilizes the CRD domain in the low-affinity state,
whereas the CRD domain alone adopts the high-affinity
state.37 It was recently shown that the pilin domain allos-
terically causes a twist in the β-sandwich fold of the CRD
domain, resulting in a loosening of the binding pocket.38 On
Figure 2. Conformational changes of the biphenyl aglycone by chloro substitutions in ortho- and meta-position of ring A.
Figure 3. FimH antagonists with the pharmacodynamic and pharmacokinetic properties required for a therapeutic application. (1) For the
prediction of oral availability, the PAMPA30 and the Caco-2 cell assay31 are applied. (2) The hydrolysis of ester ii to carboxylate iii is evaluated
by mouse liver microsomes. (3) Renal excretion is estimated based on a positive correlation with polar descriptors (polar surface area, H-bond
donors, H-bond acceptors, rotatable bonds).32 (4) The potential of FimH antagonists is assessed with a target-based assay23 and a function-
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the basis of these findings, we expect a loss of affinity of our
antagonists toward full-length fimbriae, when compared to
the CRD domain alone.
Cell-Free Competitive Binding Assay. The cell-free inhibi-
tion assay is based on the interaction of a biotinylated
polyacrylamide glycopolymer with the FimH-CRD as pre-
viously reported.23 A recombinant protein consisting of the
carbohydrate recognition domain of FimH linked with a
thrombin cleavage site to a 6His-tag (FimH-CRD-Th-6His)
was expressed in E. coli strain HM125 and purified by
affinity chromatography. The IC50 values of the test com-
pounds were determined in microtiter plates coated with
FimH-CRD-Th-6His. Complexation of the biotinylated
glycopolymer with streptavidin coupled to horseradish per-
oxidase allowed the quantification of the binding properties
of FimH antagonists (Figure 4a). To ensure comparability
with different antagonists, the reference compound n-heptyl
R-D-mannopyranoside (1)33 was tested in parallel in each
individualmicrotiterplate.Theaffinities are reported relative to
n-heptyl R-D-mannopyranoside (1) as rIC50 in Table 1.
The most active representatives from the ester group are
16a (Table 1, entry 6) and 16b (entry 8) with affinities in the
low nanomolar range, which is an approximately 10-fold
improvement compared to reference compound 1. The
Scheme 2a
a (i) TMSOTf, toluene, rt, 5 h (42-77%); (ii) 4-methoxycarbonylphenylboronic acid, Cs2CO3, Pd(PPh3)4, dioxane, 120!C, 8 h (28-85%);
(iii) NaOMe, MeOH, rt, 4-24 h (22-86%); (iv) NaOMe, MeOH, rt, then NaOH/H2O, rt, 16-24 h (63-94%).
Scheme 3a
a (i) TMSOTf, toluene, rt, 5 h (67-70%); (ii) 4-methoxycarbonylphenylboronic acid, Cs2CO3, Pd(PPh3)4, dioxane, 120!C, 8 h or Pd2(dba)3, S-Phos,
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Table 1. Pharmacodynamic and Pharmacokinetic Parameters of FimH Antagonistsa,b
a Single determination; Pe,effective permeation; Papp, apparent permeability; np, no permeation; nr, no retention; nd, not determined.
bThe IC50s
were determined with the cell-free competitive binding assay.23 The rIC50 of each substance was calculated by dividing the IC50 of the compound of
interest by the IC50 of the reference compound 1 (entry 1). This leads to rIC50 values below 1.00 for derivatives binding better than 1 and rIC50 values
above 1.00 for compounds with a lower affinity than 1. The aggregation of E. coli and GPE were determined in the aggregometry assay.33 Passive
permeation through an artificial membrane and retention therein was determined by PAMPA (parallel artificial membrane permeation assay).30 The
permeation through cell monolayers was assessed by a Caco-2 assay.31 Distribution coefficients (logD values) were measured by a miniaturized shake
flask procedure.44 pKa values were determined by NMR spectroscopy.
45 Plasma protein binding (PPB) was assessed by a miniaturized equilibrium
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corresponding carboxylic acids 17a (entry 7) and 17b (entry 9)
exhibited a small reduction in affinity but are still 5-fold
more active than reference compound 1. All the remaining
antagonists listed in Table 1 are slightly less active. For the in
vivo examination, antagonists 17a and 17b were therefore
foreseen for iv application and the prodrug 16b for oral
application.
Target selectivity is a further important issue.Mammalian
mannose receptors are part of various biological processes, e.g.
in cell-cell adhesion (DC-SIGN, dendritic cell-specific in-
tercellular adhesion molecule-3-grabbing nonintegrin),39 in
the regulation of serum glycoprotein homeostasis (mannose
receptor)40 or in the innate and adaptive immune system by
recognizingmolecular patterns on pathogens (e.g.,mannose-
binding protein, mannose receptor, DC-SIGN).39,41,42 Non-
specific interactions to the various mannose receptors by
FimH inhibitors would have a profound impact on these
processes. We therefore determined the affinity of reference
compound 1 and the two antagonists 17a and 17b for two
additional mannose binding proteins, DC-SIGN,39,43 and
MBP (mannose-binding protein)42 (Figure 5). In both cases,
affinities above 1mM, i.e. a decrease ofmore than 5 orders of
magnitude, was detected.
Aggregometry Assay. The potential of the biphenyl man-
nosides to disaggregate E. coli from guinea pig erythrocytes
(GPE) was determined by a function-based aggregometry
assay.33 Antagonists were measured in triplicates, and the
corresponding IC50 values were calculated by plotting the
area under the curve (AUC) of disaggregation against the
concentration of the antagonists. n-Heptyl R-D-mannopy-
ranoside (1) was used again as reference compound and
exhibits an IC50 of 77.14 ( 8.7 μM. Antagonists 17a and
17b showed IC50 values of 45 ( 8 μM and 10 ( 2.3 μM,
respectively (Figure 4b). In general, the activities obtained
from the aggregometry assay are approximately 1000-fold
lower than the affinities determined in the target-based
competitive assay (discussion see above).
In Vitro Pharmacokinetic Characterization of FimH An-
tagonists. For an application in the UTI mouse model, iv or
po available FimH antagonists are required that, once
absorbed to circulation, are metabolically stable and under-
go fast renal elimination. Sufficient bioavailability requires a
combination of high solubility and permeability tomaximize
absorption and low hepatic clearance to minimize first pass
extraction. Furthermore, for efficient renal elimination,
active and/or passive membrane permeability and low re-
absortion in the renal tubuli is required. From the series of
FimH antagonists with nanomolar in vitro activities (see
Table 1), representatives with appropriate pharmacokinetic
properties were selected for in vivo experiments based on the
parameters shown below.
Oral Absorption and Renal Excretion. For the evaluation
of oral absorption and renal excretion of the esters 16 and 21
as well as the acids 17 and 22 physicochemical parameters
such as pKa values, lipophilicity (distribution coefficients,
log D7.4), solubility, and permeability were determined
Figure 4. Affinities were determined in two different competitive assay formats. (a) a cell-free competitive binding assay23 and (b) a cell-based
aggregometry assay.33 For antagonists 17a, 17b, and the reference compound 1, IC50 values in the nM and μM range, respectively, were
obtained. The 1000-fold difference between the two assay formats is due to the different competitors used as well as the different affinity states
present in FimH, i.e. the high-affinity state present in the CRDused in the cell-free competitive binding assay and the low-affinity state present
in the pili of E. coli used in the aggregometry assay.
Figure 5. Competitive binding assay using FimH-CRD-Th-6His, DC-SIGN-CRD-IgG-Fc,43 and MBP to evaluate the selectivity of
compounds 1, 17a, and 17b. Inhibitory capacities of the compounds were tested at a concentration of 1 mM. As positive control, D-mannose
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(Table 1). Not surprisingly, the acids 17 and 22 showed log
D7.4 values in the range of -1 to -2 and pKa values of
approximately 4. While these parameters are beneficial for
renal excretion,32 oral absorption by passive diffusion seems
unlikely. Indeed, when the permeation through an artificial
membrane (PAMPA30) was studied, neither significant per-
meation (log Pe, Pe: effective permeation) nor membrane
retention could be detected. Whereas for a successful oral
absorption log Pe should be above -5.7 and/or the mem-
brane retention above 80%,48 the corresponding values for
the carboxylic acids 17 and 22 are far frombeing in this range
(see Table 1, e.g. entries 7 and 9). However, log D7.4 values
and PAMPA results were markedly improved for the esters
16 and 21 (Table 1, e.g. entries 6 and 8), suggesting that these
FimH antagonists are orally absorbed. This assumption was
fully confirmed in a cell-based permeation assay with Caco-2
cells.31 For renal excretion, Varma et al.31 correlated low
lipophilicity and the presence of a charged state at physiolog-
ical pH positively with enhanced elimination. On the basis of
logD7.4 and pKa summarized in Table 1, the carboxylates 17
and 22 fulfill these requirements. Overall, these results sup-
port the prodrug approach: (i) oral application of the esters
16 and 21 and (ii) renal elimination of the corresponding
acids 17 and 22.
Solubility.Amajor problem of the antagonists 16 and 21 is
their insufficient solubility, ranging from 4.6 to 37.6 μg/mL.
Even though the solubility issue can be addressed by appro-
priate formulations, further structural modifications to im-
prove solubility are necessary. Opposite to the esters, the
corresponding carboxylates 17 and 22 showed excellent
solubility (>3 mg/mL). This enables their iv application in
physiological solutions (PBS) in the UTI model without
further needs to develop suitable formulations (see below).
Stability in Simulated Gastrointestinal Fluids. To exclude
degradation in the gastrointestinal tract prior to absorption,
the stability of 1, 16b, and 17b in simulated gastric fluid
(sGF) and simulated intestinal fluid (sIF) was determined.
All three antagonists proved to be sufficiently stable with
more than 80% of the initial concentrations found after two
hours.
Metabolic Stability. Because the prodrug approach is only
applicable when the esters 16a and 16b are rapidly metabo-
lically cleaved into the corresponding acids, their propensity
to enzymatic hydrolysis by carboxylesterase (CES) was
studied. Mammalian CESs are localized in the endoplas-
matic reticulumof the liver andmost other organs.29 Because
of the excellent affinity of the corresponding acids 17a and
17b to FimH, we concentrated our metabolic studies on the
ester prodrugs 16a and 16b, which were incubated with
pooled male mouse liver microsomes to study the hydrolysis
and the release of the metabolites. Preliminary experiments
involving low substrate concentrations (2 μM) and a con-
centration of the microsomal protein of 0.25 mg/mL showed
a fast degradation of the ester prodrugs (Figure 6). Addition
of the specific CES inhibitor bis(4-nitrophenyl) phosphate
(BNPP) prevented ester degradation, suggesting that the
metabolic transformation can be attributed to CESs.49
On the basis of these in vitro results, we also expect fast
hydrolysis of the esters in vivo at the first liver passage.
Current studies are focusing on the kinetic parameters of the
enzymatic ester cleavage.
To reach the minimal therapeutic concentration in the
bladder (approximately 1 μg/mL, as estimated from a cell-
based infection assay50), the FimH antagonists 17a and 17b
should be efficiently renally eliminated and not further
metabolically processed. Therefore, the metabolic fate of
the free carboxylic acids 17a and 17b was examined. A
common method to predict a compound’s propensity to
phase I metabolism is its incubation with liver microsomes
in presence of NADPH.51 Under these conditions, in vitro
incubations of the free carboxylic acids 17a and 17b with
pooled male mouse liver microsomes (0.5 mg microsomal
protein/mL) did not show significant compound depletion
over a period of 30 min, suggesting a high stability against
cytochrome P450 mediated metabolism in vivo. However,
phase IImetabolic pathways such as glucuronidation remain
to be studied in details.
Plasma Protein Binding (PPB). Compared to the corre-
sponding esters 16 and 21, the antagonists 17 and 22 exhibit
5-20% lower plasma protein binding, typically in the
range of 73-89%. This rather low PPB beneficially
influences renal excretion because, in line with the free drug
hypothesis,52 molecules bound to plasma proteins evade
metabolism and excretion. However, for a concluding state-
ment, the kinetics of PPB, i.e. association and dissociation
rate constants, have to be determined because PPB alone is
not necessarily predictive for distribution, metabolism, and
clearance.53,54
In Vivo Pharmacokinetics and Treatment Studies. The two
mannose derivatives methyl R-D-mannoside and n-heptyl R-
D-mannoside (1) were previously tested in the UTI mouse
model.10,21,22 In all three studies, the FimH antagonists were
first preincubated with the bacterial suspension, followed by
transurethral inoculation. To efficiently reduce infection,
Figure 6. Incubation of (a) 16a and (b) 16bwith pooledmouse livermicrosomes (0.25mg of protein/mL), in absence (2) and in presence (9) of
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large amounts of methyl R-D-mannoside had to be applied
(upto1M).21Forn-heptylR-D-mannoside (1), anapproximately
one log10 unit reduction of bacterial counts in the bladder
was reachedwith lower, but still millimolar, concentration.10
In the previously presented studies, the FimH antagonists
were exclusively instilled into the bladder, which is obviously
not suitable for a therapeutic application. The aim of our
project was therefore the identification of FimH antagonists
suitable for iv or preferably po applications. Before infec-
tion studies in a mouse disease model could be performed,
the in vivo pharmacokinetic parameters (Cmax, AUC) had to
be determined to ensure the antagonists availability in the
target organ (bladder).
Pharmacokinetics of a Single iv Application in C3H/HeN
Mice. Plasma and urine concentrations of the FimH antago-
nists 1, 17a, and 17b after iv application were determined.
With a single dose of 50 mg/kg, the control compound 1
exhibited availability in the bladder over a period of 6 h after
administration (n=4), whereas at similar doses, 17a and 17b
showed lower urine concentrations over a reduced time
period (max 2 h) (n= 6). In Figure 7, the pharmacokinetic
parameters are summarized. Overall, for all three com-
pounds, higher availability of the antagonists in the urine
was observed compared to the plasma. Because plasma
protein binding is of comparable scale for the three com-
pounds (see Table 1 and Figure 7), it similarly influences
urine concentrations.
Pharmacokinetics of a Single po Application in C3H/HeN
Mice. Aiming for an orally available FimH antagonist, the
prodrug 16b and its metabolite 17b were tested. Because of
the in vitropharmacokinetic properties of17b (Table 1, entry 9),
its loworal bioavailability after the administration of a single
po dose (50 mg/kg) was not surprising. For the determina-
tion of the availability of a similar dose of 16b at the target
organ (bladder), plasma and urine concentrations were
determined over a period of 24 h (n=6) (Figure 8). Because
16b was designed as a prodrug expected to be rapidly
hydrolyzed, plasma and urine samples were analyzed not
only for 16b but also for its metabolite 17b. 16b was present
only in minor concentrations in both plasma and urine.
However, although the AUC of metabolite 17b in urine is
reduced by 90% compared to the iv application, its minimal
therapeutic concentration can bemaintained over a period of
2 to 3 h.
Figure 7. Determination of antagonist concentration in urine and plasma after a single iv application of 50mg/kg. The data (table and graphs)
show time-dependent urine and plasma concentrations of 1, 17a, and 17b.
Figure 8. Determination of antagonist concentration in urine and
plasma after a single po application of 50 mg/kg of antagonists 16b
and 17b. The data (table and graph) show their time-dependent
urine and plasma concentrations. When 17b was orally applied, its
plasma concentration was below the detection level, and only a
small portion was present in the urine. However, after the applica-
tion of the prodrug 16b, metabolite 17bwas predominantly detected
due to fastmetabolic hydrolysis of 16b. However, minor amounts of
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UTIMouseModel:TreatmentStudy.Before treatment studies
were started, the optimal infection profile was established. A 3 h
infection exhibited the highest infection level in the C3H/HeN
mouse strain.At longer infection times, e.g. 6h, thecontrolgroup
showed indeed higher bacterial counts in the urine, however, the
bladder and kidney counts already decreased due to self-clear-
ance of the infection in the UTI mouse model.55 For the in vivo
UTI treatment studies (Figure 9), antagonists 1, 17a, 17b, and
16bwereapplied followedby infectionwithUPEC(UTI89).For
each antagonist, a group of six animals was used. The animals
were sacrificed 3 h after inoculation and urine and homogenized
organs (bladder, kidneys) were examined for bacterial counts.
Themeanvalue in theuntreated reference group (n=6) showed
1.8 ! 106 CFU/mL in the urine, 1.4! 108 CFU in the bladder
and 9.7! 106 CFU in the kidneys. The bar diagram in Figure 9
summarizes the bacterial counts after iv (1, 17a , and17b) and po
(16b) treatment. The baseline represents the values obtained for
the control group after 3 h and was used as reference for CFU
reductions. 1 showed the lowest inhibition of growth in the urine
with 1.5 log10 CFU reduction and an approximately 4 log10
reduction of bacterial counts in the bladder. After iv application
of 17a, a substantial decrease in the bacterial countwas obtained
(>2 log10 CFU reduction in the urine and 4.5 log10 reduction
in the bladder). A slightly lower reduction was observed
when 17bwas applied iv (a decrease of 2 log10 CFU in the urine
and 4 log10 for bladder counts). Interestingly, almost the
same reduction of the bacterial count was detected with orally
applied 16b.
In general, urine samples showed higher bacterial counts
compared to the bladder. This could be due to the difficulties
during urine sampling.We observed that infected C3H/HeN
mice void considerably less urine (5-50 μL) compared to
healthymice (50-100 μL). As a consequence, the lower urine
volume leads to a higher concentration of bacteria in the
collected urine and therefore to higher bacterial counts
compared to the bladder.
In all treated animals, bacterial counts were only margin-
ally reduced in the kidneys. This lower response to the
treatment with FimH antagonists is probably due to differ-
ent bacterial adhesion mechanisms in bladder and kidney.
Whereas in the bladder adhesion is mediated by type I pili
(via the CRD of FimH), P pili-dependent interactions are
crucial for the adhesion in the kidneys.6
Summary and Conclusions
With the objective to develop an oral treatment of urinary
tract infections, we have synthesized a series of potent small
molecularweight FimHantagonists. Starting from the known
antagonistphenylR-D-mannopyranoside (7a), twoequallypotent
classes of biphenylR-D-mannopyranoside, those with an ester
function (16 and 21) and those with a carboxylate (17 and 22)
on the terminal aromatic ring, were synthesized. According to
their pharmacokinetic properties, the acids 17 and 22were not
expected to be orally absorbed, a prediction that was also
confirmed by an in vivo PK study. Therefore, a prodrug
approach was envisaged. On the basis of permeation assays
(PAMPA and Caco-2), the esters 16 and 22 were expected to
exhibit oral availability. Moreover, metabolic studies with
mouse liver microsomes proposed fast in vivo hydrolysis of
orally applied16b to the corresponding carboxylate17b. In vivo
PK studies in mice finally confirmed the in vitro prediction of
a fast renal elimination of 17b to the target organ, the bladder.
Whenorally applied 16bwas tested in theUTImousemodel, it
reduced the colony formingunits (CFU) in theurineby2orders
ofmagnitude and in the bladder by4 orders ofmagnitude.Asa
result, a lowmolecular weight FimHantagonist suitable for the
oral treatment of urinary tract infections was identified.
However, a number of parameters remain to be improved.
Because the solubilitiesof theesters16and22are in the lowμg/mL
range, an iv application was impossible and the suspension in
DMSO/1% Tween 80 used for oral dosing is not optimal. In
addition, due to fast renal elimination, the minimal therapeutic
concentration of 17b in the bladder could only be maintained
for 2-3 h. Because high plasmaprotein bindingwas observed,
an unfavorable kinetic of dissociation of the active principle
fromplasmaproteins followedby fast renal eliminationmightbe
the reason for these findings.An improvementof thecorrespond-
ing pharmacokinetic parameters should positively influence
the duration of action. Furthermore, a detailed analysis of
the metabolic pathway of 16b and its metabolite 17b will
elucidate their overallmetabolic fate.Finally, adetailedPK/PD
profile in themousemodelwill elucidate the fullpotentialofFimH
antagonists for the therapy of urinary tract infections (UTI).
Experimental Section
General Methods. NMR spectra were recorded on a Bruker
Avance DMX-500 (500 MHz) spectrometer. Assignment of 1H
Figure 9. Treatment efficacy of the reference compound (1) and three FimH antagonists (17a, 17b, 16b) at a dosage of 50 mg/kg in the UTI
mouse model after 3 h of infection, compared to a 6 h infection study (n=6). 1, 17a, and 17bwere applied iv into the tail vein, whereas 16bwas
applied orally. As baseline (reference), themean counts of the 3 h infectionwere subtracted from the results of the tested antagonists and the 6 h
control group. P values were calculated by comparing the treatment groups with the 3 h control group. (*) P<0.05, (**) P<0.01, (***) P<
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and 13C NMR spectra was achieved using 2D methods (COSY,
HSQC, TOCSY). Chemical shifts are expressed in ppm using
residual CHCl3, CHD2OD, and HDO as references. Optical
rotations were measured using Perkin-Elmer polarimeter 341.
Electron spray ionization mass spectra (ESI-MS) were obtained
on a Waters micromass ZQ. HRMS analysis were carried out
using a Bruker Daltonics micrOTOF spectrometer equipped
with a TOF hexapole detector. Microanalyses were performed
at the Department of Chemistry, University of Basel, Switzerland.
Microwave-assisted reactions were carried out with a CEM Dis-
cover and Explorer. Reactions were monitored by TLC using
glass plates coated with silica gel 60 F254 (Merck) and visualized
by using UV light and/or by heating to 140 !C for 5 min with a
molybdate solution (a 0.02 M solution of ammonium cerium
sulfate dihydrate and ammonium molybdate tetrahydrate in
aqueous 10%H2SO4). Column chromatographywas performed
on a CombiFlash Companion (Teledyne-ISCO, Inc.) using
RediSep normal phase disposable flash columns (silica gel). Re-
versed phase chromatography was performed on LiChro-
prepRP-18 (Merck, 40-63 μm). Commercially available
reagentswerepurchased fromFluka,Aldrich,Merck,AKSci,ASDI,
or Alfa Aesar. Methanol (MeOH) was dried by refluxing with
sodium methoxide and distilled immediately before use. Toluene
was dried by filtration over Al2O3 (Fluka, type 5016 A basic).
Dioxane was dried by distillation from sodium/benzophenone.
4-Bromophenyl 2,3,4,6-Tetra-O-acetyl-r-D-mannopyranoside
(14a). To a stirred solution of 12 (1.17 g, 3.00 mmol) and
4-bromophenol (13a, 623 mg, 3.60 mmol) in toluene (12 mL),
TMSOTf (65 μL, 0.36 mmol) was added dropwise under
argon. The mixture was stirred at rt for 5 h and then diluted
with toluene (15 mL) and washed with satd aqNaHCO3. The
organic layer was separated, and the aqueous layer was
extracted three times with toluene. The combined organic
layers were dried over Na2SO4 and concentrated in vacuo.
The residue was purified by flash chromatography on silica
(petroleum ether/EtOAc, 19:1 to 1.5:1) to yield 14a (1.17 g,
74%) as a white solid.
1H NMR (500 MHz, CDCl3): δ 2.06 (s, 9H, 3 COCH3), 2.19
(s, 3H, COCH3), 4.06 (m, 2H, H-5, H-6a), 4.27 (dd, J=5.6, 12.4
Hz, 1H, H-6b), 5.36 (t, J=10.2 Hz, 1H, H-4), 5.43 (dd, J=
1.8, 3.5 Hz, 1H, H-2), 5.48 (d, J=1.7 Hz, 1H, H-1), 5.53 (dd, J=
3.5, 10.1 Hz, 1H, H-3), 6.98, 7.41 (AA0, BB0 of AA0BB0, J=
9.0Hz, 4H,C6H4).
13CNMR(125MHz,CDCl3): δ 20.71, 20.73,
20.74, 20.9 (4 COCH3), 62.1 (C-6), 65.9 (C-4), 68.8 (C-3), 69.2
(C-2), 69.3 (C-5), 95.9 (C-1), 115.6, 118.3, 132.6, 154.7 (6C,
C6H4), 170.0 (4C, 4 CO).
4-Bromo-2-chlorophenyl 2,3,4,6-tetra-O-acetyl-r-D-mannopyran-
oside (14b). According to the procedure described for 14a,
compound 12 (2.38 g, 4.84 mmol) and 4-bromo-2-chloro-
phenol (13b, 1.20 g, 5.80 mmol) were treated with TMSOTf
(107 mg, 0.484 mmol) to yield 14b (1.54 g, 59%) as a white solid.
[R]D þ60.6 (c 0.40, CHCl3). 1H NMR (500 MHz, CDCl3):
δ 2.02, 2.04, 2.18 (3s, 12H, 4 COCH3), 4.05 (dd, J=2.3, 12.2 Hz,
1H, H-6a), 4.10 (ddd, J=2.7, 5.3, 9.6 Hz, 1H, H-5), 4.24 (dd, J=
5.4, 12.2 Hz, 1H, H-6b), 5.35 (t, J=10.1 Hz, 1H, H-4), 5.48 (m,
2H, H-1, H-2), 5.56 (dd, J=3.2, 10.1 Hz, 1H, H-3), 7.03 (d, J=
8.8 Hz, 1H, C6H3), 7.30 (dd, J=2.4, 8.8 Hz, 1H, C6H3), 7.53 (d,
J=2.4 Hz, 1H, C6H3).
13C NMR (125 MHz, CDCl3): δ 20.9,
21.1 (4C, 4 COCH3), 62.3 (C-6), 65.9 (C-4), 68.9 (C-3), 69.4
(C-2), 70.1 (C-5), 96.9 (C-1), 115.9, 118.4, 125.7, 130.8, 133.3,
150.6 (C6H3), 169.9, 170.0, 170.1, 170.7 (4 CO). ESI-MS calcd for
C20H22BrClNaO10 [M þ Na]þ 559.0; found 559.0; Anal. Calcd
for C20H22BrClO10: C 44.67, H 4.12.Found: C 45.08, H 4.14.
Methyl 40-(2,3,4,6-Tetra-O-acetyl-r-D-mannopyranosyloxy)-
biphenyl-4-carboxylate (15a). A Schlenk tube was charged with
14a (503 mg, 1.00 mmol), 4-methoxycarbonylphenylboronic
acid (224 mg, 1.24 mmol), S-Phos (20.5 mg, 0.05 mmol), cesium
carbonate (1.17 g, 3.6 mmol), Pd2(dba)3 (10.4 mg, 0.01 mmol),
and a stirring bar. The tubewas closedwith a rubber septum and
was evacuated and flushed with argon. This procedure was
repeated once, and then freshly degassed dioxane (5 mL) was
added under a stream of argon. The reaction tube was quickly
sealed and the contents were stirred at 80 !C overnight. The
reaction mixture was cooled to rt, diluted with EtOAc (10 mL),
washed with satd aq NaHCO3 (5 mL) and brine (5 mL), and
dried overNa2SO4. The solventswere removed in vacuo, and the
residue was purified by flash chromatography on silica
(petroleum ether/EtOAc, 3:1 to 3:2) to give 15a (474 mg, 85%)
as a white solid.
[R]D þ80.8 (c 1.00, CHCl3). 1H NMR (500 MHz, CDCl3):
δ 2.02, 2.03, 2.04, 2.19 (4s, 12H, COCH3), 3.91 (s, 3H, OCH3),
4.08 (m, 2H, H-6a, H-5), 4.27 (dd, J=5.2, 12.2 Hz, 1H, H-6b),
5.37 (t, J=10.1Hz, 1H,H-4), 5.45 (dd, J=1.8, 3.4 Hz, 1H,H-2),
5.56 (m, 2H, H-1, H-3), 7.16 (AA0 of AA0BB0, J=8.7 Hz, 2H,
C6H4), 7.57 (m, 4H, C6H4), 8.07 (BB
0 of AA0BB0, J=8.4Hz, 2H,
C6H4).
13CNMR (125MHz, CDCl3): δ 20.74, 20.75, 20.77, 21.0
(4COCH3), 52.2 (OCH3), 62.1 (C-6), 65.9 (C-4), 68.9 (C-3), 69.3,
69.4 (C-2, C-5), 95.8 (C-1), 116.9, 126.7, 128.5, 128.7, 130.2, 134.8,
144.8, 155.7 (12C, 2C6H4), 167.0, 169.8, 170.0, 170.1, 170.6 (5CO).
ESI-MS calcd for C28H30NaO12 [MþNa]þ 581.2; found 581.0.
Methyl 40-(2,3,4,6-Tetra-O-acetyl-r-D-mannopyranosyloxy)-
30-chlorobiphenyl-4-carboxylate (15b). A microwave tube was
charged with bromide 14b (720 mg, 1.34 mmol), 4-methoxy-
carbonylphenylboronic acid (289 mg, 1.61 mmol), cesium
carbonate (1.31 g, 4.02 mmol), and Pd(PPh3)4 (77.4 mg,
0.067 mmol). The tube was sealed with a Teflon septum,
evacuated through a needle, and flushed with argon. Degassed
dioxane (1.5 mL) was added and the closed tube was degassed
in an ultrasonic bath for 15 min, flushed again with argon for
20 min, and exposed to microwave irradiation at 120 !C for
500 min. The solvent was evaporated in vacuo. The residue was
dissolved in DCM (10 mL), washed with brine (2 " 10 mL),
dried over Na2SO4, and concentrated in vacuo. The residue
was purified by flash chromatography on silica (petroleum
ether/EtOAc, 5:1 to 0.5:1) to yield 15b (333 mg, 42%) as a
white foam.
[R]D þ66.3 (c 1.06, CHCl3). 1H NMR (500 MHz, CDCl3): δ
2.03, 2.06, 2.20 (3s, 12H, COCH3), 3.92 (s, 3H, OCH3), 4.08 (dd,
J=2.4, 12.3 Hz, 1H, H-6a), 4.17 (m, 1H, H-5), 4.28 (dd, J=5.4,
12.3 Hz, 1H, H-6b), 5.39 (t, J=10.6 Hz, 1H, H-4), 5.54 (dd, J=
1.9, 3.4 Hz, 1H, H-2), 5.59 (d, J=1.8 Hz, 1H, H-1), 5.62 (dd, J=
3.5, 10.1 Hz, 1H, H-3), 7.24 (s, 1H, C6H3), 7.44 (dd, J=2.2,
8.5 Hz, 1H, C6H3), 7.57 (AA
0 of AA0BB0, J=8.5 Hz, 2H, C6H4),
7.65 (d, J=2.2 Hz, 1H, C6H3), 8.08 (BB
0 of AA0BB0, J=8.5 Hz,
2H, C6H4).
13CNMR (125MHz, CDCl3): δ 20.9, 21.0, 21.1 (4C,
4 COCH3), 52.5 (OCH3), 62.3 (C-6), 66.0 (C-4), 69.0 (C-3), 69.5
(C-2), 70.0 (C-5), 96.8 (C-1), 117.4, 126.7, 126.9, 129.5, 130.5,
136.4, 143.6, 151.3 (12C, C6H3, C6H4), 167.0, 169.9, 170.0,
170.2, 170.7 (5 CO). ESI-MS calcd for C28H29ClNaO12 [M þ
Na]þ 615.1; found 615.2. Anal. Calcd for C28H29ClO12: C 56.71,
H 4.93. Found: C 56.79, H 4.92.
Methyl 40-(r-D-Mannopyranosyloxy)-biphenyl-4-carboxylate
(16a).17d To a solution of 15a (170 mg, 0.304 mmol) in MeOH
(3 mL) was added freshly prepared 1 M NaOMe in MeOH
(100 μL) under argon. The mixture was stirred at rt until the
reaction was complete (monitored by TLC), then neutralized
with Amberlyst-15 (Hþ) ion-exchange resin, filtered, and con-
centrated in vacuo. The residue was purified by reversed-phase
chromatography (RP-18, H2O/MeOH, 1:0-1:1) to give 16a
(90 mg, 76%) as white solid.
[R]D þ82.8 (c 0.2, MeOH). 1H NMR (500 MHz, CD3OD): δ
3.62 (m, 1H, H-5), 3.72 (m, 3H, H-4, H-6a, H-6b), 3.92 (m, 4H,
H-3, OCH3), 4.03 (s, 1H, H-2), 5.55 (s, 1H, H-1), 7.24 (AA
0 of
AA0BB0, J= 8.0 Hz, 2H, C6H4), 7.64 (AA0 of AA0BB0, J= 7.5
Hz, 2H, C6H4), 7.71 (BB
0 of AA0BB0, J = 8.0 Hz, 2H, C6H4),
8.07 (BB0 of AA0BB0, J = 7.5 Hz, 2H, C6H4). 13C NMR (125
MHz, CD3OD): δ 52.6 (OCH3), 62.7 (C-6), 68.3 (C-4), 72.0 (C-2),
72.4 (C-3), 75.5 (C-5), 100.1 (C-1), 118.2, 127.7, 131.1, 135.1,
146.6, 158.2, 160.3 (12C, 2 C6H4), 166.1 (CO). HR-MS calcd for
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Methyl 30-Chloro-40-(r-D-mannopyranosyloxy)-biphenyl-4-car-
boxylate (16b). According to the procedure described for 16a,
compound 16b was prepared from 15b (764 mg, 1.29 mmol).
Yield: 69 mg, 12%.
[R]Dþ97.4 (c 1.01, MeOH). 1HNMR (500MHz, CD3OD): δ
3.64 (m, 1H, H-5), 3.72 (m, 1H, H-6a), 3.78 (m, 2H, H-4, H-6b),
3.91 (s, 3H, OCH3), 4.00 (dd, J=3.4, 9.5 Hz, 1H, H-3), 4.11 (dd,
J=1.8, 3.1 Hz, 1H, H-2), 5.60 (d, J=1.1 Hz, 1H, H-1), 7.46 (d,
J=8.6 Hz, 1H, C6H3), 7.58 (dd, J=2.2, 8.6 Hz, 1H, C6H3), 7.69
(AA0 of AA0BB0, J=8.4 Hz, 2H, C6H4), 7.72 (d, J=2.2 Hz, 1H,
C6H3), 8.08 (BB
0 of AA0BB0, J=8.4 Hz, 2H, C6H4). 13C NMR
(125MHz, CD3OD): δ 52.7 (OCH3), 62.8 (C-6), 68.3 (C-4), 71.9
(C-2), 72.5 (C-3), 76.2 (C-5), 100.8 (C-1), 118.7, 125.58, 127.8,
127.9, 129.9, 130.3, 131.3, 136.4, 145.3, 153.5 (12C, C6H3,
C6H4), 168.4 (CO). HR-MS calcd for C20H21ClNaO8 [M þ
Na]þ 447.0823; found 447.082.
Sodium 40-(r-D-Mannopyranosyloxy)-biphenyl-4-carboxylate
(17a).Toasolutionof15a (228mg,0.408mmol) inMeOH(6.0mL)
was added 1 M NaOMe in MeOH (60 μL) at rt. The reaction
mixturewas stirred at rt for 4 h, and thenNaOH (82mg) inwater
(6 mL) was added and stirring was continued at rt overnight.
The reactionmixturewas concentrated in vacuo, and the residue
was purified by reversed-phase chromatography (RP-18, H2O/
MeOH, 1:0-1:1) to afford 17a (96 mg, 63%) as a white solid.
[R]D þ103 (c 0.10, MeOH). 1H NMR (500 MHz, CD3OD): δ
3.60 (m, 1H, H-5), 3.72 (m, 3H, H-6a, H-6b, H-4), 3.89 (dd, J=
3.4, 9.5 Hz, 1H, H-3), 4.00 (dd, J=1.8, 3.3 Hz, 1H, H-2), 5.51 (s,
1H,H-1), 7.19, 7.60 (AA0, BB0 ofAA0BB0, J=8.7Hz, 4H,C6H4),
8.01(d, J=8.2Hz, 2H, C6H4), 8.46 (s, 2H,C6H4).
13CNMR (125
MHz, CD3OD): δ 63.2 (C-6), 68.9 (C-4), 72.6 (C-2), 73.0 (C-3),
76.1 (C-5), 100.7 (C-1), 118.7, 128.0, 129.9, 131.8 (12C, 2 C6H4).
HR-MS calcd for C19H20NaO8 [M þ H]þ 399.1056; found
399.1052.
Sodium30-Chloro-40-(r-D-mannopyranosyloxy)-biphenyl-4-car-
boxylate (17b). To a solution of 15b (380 mg, 0.641 mmol) in
MeOH (10 mL) was added 1 M NaOMe in MeOH (300 μL).
After stirring at rt for 24 h, 0.5 M aq NaOH (18 mL) was
added and stirring continued for another 24 h. The solution
was concentrated in vacuo and the residue was purified by
reversed-phase chromatography (RP-18, H2O/MeOH, 1:0-
1:1) to yield 17b (222 mg, 80%) as a white solid.
[R]D þ61.6 (c 1.00, H2O). 1H NMR (500 MHz, D2O): δ 3.66
(m, 1H, H-5), 3.73 (m, 2H, H-6a, H-6b), 3.79 (t, J=9.8 Hz, 1H,
H-4), 4.07 (dd, J=3.4, 9.8 Hz, 1H, H-3), 4.14 (d, J=1.4 Hz, 1H,
H-2), 5.47 (bs, 1H, H-1), 7.04 (d, J=8.6 Hz, 1H, C6H3), 7.24 (d,
J=8.6 Hz, 1H, C6H3), 7.37 (AA
0 of AA0BB0, J=8.1 Hz, 2H,
C6H4), 7.41 (bs, 1H, C6H3), 7.86 (BB
0 ofAA0BB0, J=8.1Hz, 2H,
C6H4).
13CNMR (125MHz,D2O): δ 60.6 (C-6), 66.5 (C-4), 69.0
(C-2), 70.5 (C-3), 73.9 (C-5), 98.6 (C-1), 117.5, 123.9, 126.2,
126.4, 128.4, 129.6, 135.2, 135.3, 141.0, 150.4 (12C, C6H3,
C6H4), 175.0 (CO). HR-MS calcd for C19H18ClNaO8 [M þ
H]þ 433.0666; found 433.0670.
Competitive Binding Assay.A recombinant protein consisting
of the CRD of FimH linked with a thrombin cleavage site to a
6His-tag (FimH-CRD-Th-6His) was expressed in E. coli strain
HM125 and purified by affinity chromatography.23 To deter-
mine the affinity of the various FimH antagonists, a competitive
binding assay described previously23 was applied. Microtiter
plates (F96MaxiSorp, Nunc) were coated with 100 μL/well of a
10 μg/mL solution of FimH-CRD-Th-6His in 20 mM HEPES,
150 mM NaCl, and 1 mM CaCl2, pH 7.4 (assay buffer) over-
night at 4 !C. The coating solution was discarded and the wells
were blockedwith 150 μL/well of 3%BSA in assay buffer for 2 h
at 4 !C. After three washing steps with assay buffer (150 μL/
well), a 4-fold serial dilution of the test compound (50 μL/well)
in assay buffer containing 5% DMSO and streptavidin-perox-
idase coupled Man-R(1-3)-[Man-R(1-6)]-Man-β(1-4)-GlcNAc-
β(1-4)-GlcNAcβ polyacrylamide (TM-PAA) polymer (50 μL/well
of a 0.5 μg/mL solution) were added. On each individual micro-
titer plate, n-heptylR-D-mannopyranoside (1) was tested in parallel.
The plates were incubated for 3 h at 25 !C and 350 rpm and then
carefully washed four times with 150 μL/well assay buffer. After
the addition of 100 μL/well of 2,2’-azino-di-(3-ethylbenzthiazo-
line-6-sulfonic acid) (ABTS)-substrate, the colorimetric reac-
tion was allowed to develop for 4 min and then stopped by the
addition of 2% aqueous oxalic acid before the optical density
(OD) wasmeasured at 415 nmon amicroplate-reader (Spectramax
190, Molecular Devices, California, USA). The IC50 values of
the compounds tested in duplicates were calculated with prism
software (GraphPad Software, Inc., La Jolla, California, USA).
The IC50 defines the molar concentration of the test compound
that reduces the maximal specific binding of TM-PAA polymer
to FimH-CRD by 50%. The relative IC50 (rIC50) is the ratio
of the IC50 of the test compound to the IC50 of n-heptyl R-D-
mannopyranoside (1).
Selectivity for FimH vs Mannose-Binding Protein and DC-
SIGN. Recombinant FimH-CRD-Th-6His (10 μg/mL), DC-
SIGN-CRD-Fc-IgG39 (2.5 μg/mL), and mannose-binding
protein42 (MBP, 10 μg/mL, R&D Systems, Minneapolis, MN)
were each diluted in assay buffer (20 mM HEPES, pH 7.4, 150
mM NaCl, and 10 mM CaCl2) and were coated on microtiter
plates (F96MaxiSorp, Nunc) with 100 μL/well overnight at 4 !C.
The further steps were performed as described above.
Aggregometry Assay. The aggregometry assay was carried out
as previously described.33 In short, the percentage of aggregation
of E. coli UTI89 with guinea pig erythrocytes (GPE) was
quantitatively determined by measuring the optical density at
740 nm and 37 !C under stirring at 1000 rpm using an APACT
4004 aggregometer (Endotell AG, Allschwil, Switzerland). Bac-
teria were cultivated as described below (see in vivo models).
GPE were separated from guinea pig blood (Charles River
Laboratories, Sulzfeld, Germany) using Histopaque (density
of 1.077 g/mL at 24 !C, Sigma-Aldrich, Buchs, Switzerland).
Prior to the measurements, the cell densities of E. coli and GPE
were adjusted to an OD600 of 4, corresponding to 1.9 " 108
CFU/mL and 2.2 " 106 cells/mL, respectively. For the calibra-
tion of the instrument, the aggregation of protein-poor plasma
(PPP) using PBS alone was set as 100% and the aggregation of
protein-rich plasma (PRP) using GPE as 0%. After calibration,
measurements were performedwith 250 μLofGPEand 50 μLof
bacterial suspension and the aggregation monitored over 600 s.
After the aggregation phase of 600 s, 25 μL of antagonist in PBS
was added to each cuvette anddisaggregationwasmonitored for
1400 s. UTI89 ΔfimA-H was used as negative control.
Determination of the Pharmacokinetic Parameters. Materi-
als.Dimethyl sulfoxide (DMSO), 1-octanol, pepsin, pancreatin,
reduced nicotinamide adenine dinucleotide phosphate (NADPH),
Dulbecco’s Modified Eagle’s Medium (DMEM) high glucose,
and bis(4-nitrophenyl) phosphate (BNPP) were purchased from
Sigma-Aldrich (Sigma-Aldrich, St. Louis MO, USA). PAMPA
System Solution, GIT-0 Lipid Solution, and Acceptor Sink
Buffer were ordered from pIon (pIon, Woburn MA, USA).
L-Glutamine-200 mM (100") solution,MEMnonessential ami-
no acid (MEM-NEAA) solution, fetal bovine serum (FBS), and
DMEM without sodium pyruvate and phenol red were bought
from Invitrogen (Invitrogen, Carlsbad CA, USA). Human
plasma was bought from Biopredic (Biopredic, Rennes, France)
and acetonitrile (MeCN) from Acros (Acros Organics, Geel,
Belgium). Pooled male mouse liver microsomes were purchased
from BD Bioscience (BD Bioscience, Woburn, MA, USA).
Magnesium chloride was bought from Fluka (Fluka Chemie
GmbH, Buchs, Switzerland). Tris(hydroxymethyl)-aminomethane
(TRIS) was obtained from AppliChem (AppliChem, Darm-
stadt, Germany). The Caco-2 cells were kindly provided by Prof
G. Imanidis, FHNW, Muttenz, and originated from the Amer-
ican Type Culture Collection (Rockville, MD, USA).
log D7.4 Determination. The in silico prediction tool
ALOGPS 2.156 was used to estimate the log P values of the
compounds. Depending on these values, the compounds were
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below zero), moderately lipophilic compounds (log P between
zero and one) and lipophilic compounds (log P above one). For
each category, two different ratios (volume of 1-octanol to
volume of buffer) were defined as experimental parameters
(Table 2):
Equal amounts of phosphate buffer (0.1 M, pH 7.4) and
1-octanol were mixed and shaken vigorously for 5 min to
saturate the phases. The mixture was left until separation of
the two phases occurred, and the buffer was retrieved. Stock
solutions of the test compounds were diluted with buffer to a
concentration of 1 μM.For each compound, six determinations,
i.e., three determinations per 1-octanol:buffer ratio, were per-
formed in different wells of a 96-well plate. The respective
volumes of buffer containing analyte (1 μM) were pipetted to
the wells and covered by saturated 1-octanol according to the
chosen volume ratio. The plate was sealed with aluminum foil,
shaken (1350 rpm, 25 !C, 2 h) on aHeidophTitramax 1000 plate-
shaker (Heidolph Instruments GmbH & Co. KG, Schwabach,
Germany) and centrifuged (2000 rpm, 25 !C, 5 min, 5804 R
Eppendorf centrifuge, Hamburg, Germany). The aqueous
phase was transferred to a 96-well plate for analysis by liquid
chromatography-mass spectrometry (LC-MS).
log D7.4 was calculated from the 1-octanol:buffer ratio (o:b),
the initial concentration of the analyte in buffer (1 μM), and the
concentration of the analyte in buffer (cB) with equilibration:





The average of the three log D7.4 values per 1-octanol:buffer
ratio was calculated. If the two mean values obtained for a
compound did not differ by more than 0.1 unit, the results were
accepted.
Parallel Artificial Membrane Permeation Assay (PAMPA).
log Pe was determined in a 96-well format with the PAMPA
30
permeation assay. For each compound, measurements were
performed at three pH values (5.0, 6.2, 7.4) in quadruplicates.
For this purpose, 12 wells of a deep well plate, i.e., four wells per
pH value, were filled with 650 μL of System Solution. Samples
(150 μL) were withdrawn from each well to determine the blank
spectra by UV-spectroscopy (SpectraMax 190, Molecular De-
vices, Silicon Valley CAa, USA). Then, analyte dissolved in
DMSO was added to the remaining System Solution to yield
50 μM solutions. To exclude precipitation, the optical density
was measured at 650 nm, with 0.01 being the threshold value.
Solutions exceeding this threshold were filtrated. Afterward,
samples (150 μL) were withdrawn to determine the reference
spectra. A further 200 μL were transferred to each well of the
donor plate of the PAMPA sandwich (pIon, Woburn MA,
USA, P/N 110 163). The filter membranes at the bottom of
the acceptor plate were impregnated with 5 μL of GIT-0 Lipid
Solution and 200 μL of Acceptor Sink Buffer were filled into
each acceptor well. The sandwich was assembled, placed in the
GutBox, and left undisturbed for 16 h. Then, it was disas-
sembled and samples (150 μL)were transferred from each donor
and acceptor well to UV-plates. Quantification was performed
by both UV-spectroscopy and LC-MS. log Pe values were
calculated with the aid of the PAMPA Explorer Software
(pIon, version 3.5).
Colorectal Adenocarcinoma Cells (Caco-2 Cells) Permeation
Assay. The cells were cultivated in tissue culture flasks (BD
Biosciences, Franklin Lakes NJ, USA) with DMEM high
glucose medium, containing 1% L-glutamine solution, 1%
MEM-NEAA solution, and 10% FBS. The cells were kept at
37 !C in humidified air containing 8%CO2, and themediumwas
changed every second to third day. When approximately 90%
confluence was reached, the cells were split in a 1:10 ratio and
distributed to new tissue culture flasks. At passage numbers
between 60 and 65, they were seeded at a density of 5.33 " 105
cells per well to Transwell 6-well plates (Corning Inc., Corning
NY, USA) with 2.5 mL of culture medium in the basolateral
compartment and 1.5 mL (days 1-10) or 1.8 mL (from day 10
on) in the basolateral compartment. The medium was renewed
on alternate days. Experiments were performed between days 19
and 21 postseeding. DMEM without sodium pyruvate and
phenol red was used as transport medium for experiments.
Previous to the experiment, the integrity of the Caco-2 mono-
layers was evaluated by measuring the transepithelial resistance
(TEER) in transport medium (37 !C) with an Endohm tissue
resistance instrument (World Precision Instruments Inc., Sarasota,
FL, USA). Only wells with TEER values higher than 300Ωcm2
were used. Experimentswere performed in triplicates. Transport
medium (10 μL) from the apical compartments of three wells
were replaced by the same volume of compound stock solutions
(10 mM). The Transwell plate was then shaken (250 rpm) in the
incubator. Samples (100 μL) were withdrawn after 5, 15, 30, 60,
and 120 min from the basolateral compartment and concentra-
tions were analyzed by HPLC. Apparent permeability coeffi-






where dQ/dt is the permeability rate, A the surface area of the
monolayer, and c0 the initial concentration in the donor
compartment.31 After the experiment, TEER values were as-
sessed again for every well and results from wells with values
below 300 Ωcm2 were discarded.
pKa Values. The pKa values were determined as described
elsewhere.45 Briefly, the pH of a sample solution was gradually
changed and the chemical shift of protons adjacent to ionizable
centers was monitored by 1H nuclear magnetic resonance
(NMR) spectroscopy. The shift was plotted against the pH of
the respective sample, and the pKa was read out from the
inflection point of the resulting sigmoidal curve.
Plasma Protein Binding (PPB). The dialysis membranes
(HTDialysis LCC, Gales Ferry, CT, USA;MWCO12-14K)
were prepared according to company instructions. The hu-
man plasma was centrifuged (5800 rpm, 25 !C, 10 min), the
pH of the centrifugate (without floating plasma lipids) was
adjusted to 7.5, and analyte was added to yield 10 μM
solutions. Equal volumes (150 μL) of phosphate buffer (0.1 M,
pH 7.5) and analyte-containing plasma were transferred to
the separated compartments of the assembled 96-well high
throughput dialysis block (HTDialysis LCC, Gales Ferry,
CT, USA). Measurements were performed in triplicates. The
plate was covered with a sealing film and incubated (5 h, 37 !C).
Buffer and plasma compartment were processed separately.
From the buffer compartments, 90 μL were withdrawn and
10 μL of blank plasma were added. From the plasma
compartments, 10 μL were withdrawn and 90 μL of blank
buffer were added. After protein precipitation with 300 μL
ice-cooled MeCN, the solutions were mixed, centrifuged
(3600 rpm, 4 !C, 11 min), and 50 μL of the supernatant were
retrieved. Analyte concentrations were determined by LC-
MS. The fraction bound (fb) was calculated as follows:
f b ¼ 1-
cb
cp
where cb is the concentration in the buffer and cp the
concentration in the plasma compartment. Values were ac-
cepted if the recovery of analyte was between 80 and 120%.
Thermodynamic Solubility. Microanalysis tubes (Labo-Tech
J. Stofer LTS AG, Muttenz, Switzerland) were charged with
Table 2
compound type log P ratios (1-octanol:buffer)
hydrophilic <0 30:140, 40:130
moderately lipophilic 0-1 70:110, 110:70





Article Journal of Medicinal Chemistry, 2010, Vol. 53, No. 24 8639
1mg of solid substance and 250 μLof phosphate buffer (50mM,
pH 6.5). The samples were briefly shaken by hand and then
sonicated for 15min and vigorously shaken (600 rpm, 25 !C, 2 h)
on a Eppendorf Thermomixer Comfort. Afterward, the samples
were left undisturbed for 24 h. After measuring the pH, the
saturated solutions were filtered through a filtration plate
(MultiScreen HTS, Millipore, Billerica MA, USA) by centrifu-
gation (1500 rpm, 25 !C, 3 min). Prior to concentration deter-
mination by LC-MS, the filtrates were diluted (1:1, 1:10 and
1:100 or, if the results were outside of the calibration range,
1:1000 and 1:10000). The calibration was based on six values
ranging from 0.1 to 10 μg/mL.
Stability in Simulated Gastrointestinal Fluids. Simulated gas-
tric fluid (sGF) and simulated intestinal fluid (sIF) were pre-
pared according to the United States Pharmacopeia (USP 28).
sGF contained sodium chloride (200 mg), pepsin (320 mg), and
37% aq HCl (0.7 mL) in bidistilled water (100 mL). sIF
consisted of monopotassium phosphate (680 mg), 0.2 MNaOH
(7.7 mL), and pancreatin (1 g) in bidistilled water (100 mL). sIF
was adjusted to pH 6 by adding 0.2MNaOH. sGF and sIFwere
preheated (37 !C), and the compounds were added to yield
10 μM solutions. Incubations were performed on a Eppendorf
Thermomixer Comfort (500 rpm, 37 !C). Before starting the
experiment (t = 0 min) and after an incubation time of 15, 30,
60, and 120 min, samples (20 μL) were withdrawn, precipitated
with ice-cooledMeCN, and centrifuged (3600 rpm, 4 !C, 10 min).
The concentrations of analyte in the supernatant were analyzed
by LC-MS. Stability was expressed as percentage remaining
compound relative to the initial concentration.
In Vitro Metabolism: Ester Hydrolysis. Incubations were
performed in a 96-well format on a Eppendorf Thermomixer
Comfort. Each compound was incubated with a reaction mix-
ture (270 μL) consisting of pooled male mouse liver microsomes
in the presence of TRISbuffer (0.1M, pH7.4) andMgCl2 (2mM).
After preheating (37 !C, 500 rpm, 10 min), the incubation was
initiated by adding 30 μL of compound solution (20 μM) in
TRIS buffer. The final concentration of the compounds was
2 μM, and the microsomal concentration was 0.25 mg/mL. At
the beginning of the experiment (t = 0 min) and after an
incubation time of 1, 3, 6, and 15 min, samples (50 μL) were
transferred to 150 μL of ice-cooled MeCN, centrifuged (3600
rpm, 4 !C, 10min), and 80 μLof supernatant were transferred to
a 96-well plate for LC-MS analysis. Metabolic degradation was
assessed as percentage remaining compound versus incubation
time. Control experiments were performed in parallel by pre-
incubating the microsomes with the specific carboxylesterase
inhibitor BNPP (1 mM) for 5 min before addition of the
antagonists.
In Vitro Metabolism: Cytochrome P450-Mediated Metabo-
lism. Incubations consisted of pooled male mouse liver micro-
somes (0.5 mg microsomal protein/mL), compounds (2 μM),
MgCl2 (2mM), andNADPH(1mM) in a total volumeof 300μL
TRIS buffer (0.1 M, pH 7.4) and were performed in a 96-well
plate on a Thermomixer Comfort. Compounds andmicrosomes
were preincubated (37 !C, 700 rpm, 10min) beforeNADPHwas
added. Samples (50 μL) at t = 0 min and after an incubation
time of 5, 10, 20, and 30 min were quenched with 150 μL of ice-
cooled acetonitrile, centrifuged (3600 rpm, 4 !C, 10 min), and
80 μL of each supernatant were transferred to a 96-well plate for
LC-MS analysis. Control experiments without NADPH were
performed in parallel.
LC-MS Measurements. Analyses were performed using a
1100/1200 series HPLC system coupled to a 6410 triple quad-
rupole mass detector (Agilent Technologies, Inc., Santa Clara,
CA, USA) equipped with electrospray ionization. The system
was controlled with the Agilent MassHunter Workstation Data
Acquisition software (version B.01.04). The column usedwas an
Atlantis T3 C18 column (2.1 mm! 50 mm) with a 3 μm particle
size (Waters Corp., Milford, MA, USA). The mobile phase
consisted of two eluents: solvent A (H2O, containing 0.1%
formic acid, v/v) and solvent B (acetonitrile, containing 0.1%
formic acid, v/v), both delivered at 0.6 mL/min. The gradient
was ramped from 95%A/5%B to 5%A/95%Bover 1min, and
then held at 5% A/95% B for 0.1 min. The system was then
brought back to 95% A/5% B, resulting in a total duration of
4 min. MS parameters such as fragmentor voltage, collision
energy, polarity were optimized individually for each drug, and
the molecular ion was followed for each compound in the
multiple reaction monitoring mode. The concentrations of the
analytes were quantified by the Agilent Mass Hunter Quantita-
tive Analysis software (version B.01.04).
In Vivo Pharmacokinetic and Disease Model. Bacteria. The
clinical E. coli isolate UTI8955 (UTI89wt) were kindly provided
by the group of Prof. Urs Jenal, Biocenter, University of Basel.
Microorganisms were stored at -70 !C and before experiment
incubated for 24 h under static conditions at 37 !C in 10 mL of
Luria-Bertani broth (Becton, Dickinson and Company, Le
Pont de Claix, France) using 50 mL tubes. Prior to each
experiment, the microorganisms were washed twice and resus-
pended in phosphate buffered saline (PBS, Hospital Pharmacy
at the University Hospital Basel, Switzerland). Bacterial con-
centrations were determined by plating serial 1:10 dilutions on
blood agar, followed by colony counting with 20-200 colonies
after overnight incubation at 37 !C.
Animals. Female C3H/HeN mice weighting between 19 and
25 g were obtained fromCharles River (Sulzfeld, Germany) and
were housed four to a cage. Mice were kept under specific-
pathogen-free conditions in the Animal House of the Depart-
ment of Biomedicine, University Hospital Basel, and animal
experimentation guidelines according to the regulations of Swiss
veterinary law were followed. After seven days of acclimatiza-
tion, 9- to 10-week old mice were used for the PK and infection
studies.During the studies, animalswereallowed free access to chow
andwater. Three days before infection studies and during infection,
5% D-(þ)-glucose (AppliChem, Baden-D€attwil, Switzerland)
was added to the drinking water to increase the number of
bacterial counts in the urine and kidneys.57
Pharmacokinetic Studies. Single-dose pharmacokinetic stud-
ies were performed by iv and po application of the FimH
antagonists at a concentration of 50 mg/kg followed by urine
and plasma sampling. For iv application, the antagonists (1,
17a, 17b) were diluted in 100 μL of PBS and injected into the tail
vein. For po application, antagonist 1 was diluted in 200 μL of
PBS and antagonists 17b and 16b were first dissolved in DMSO
(20!) and then slowly diluted to the final concentration (1!) in
1% Tween-80/PBS to obtain a suspension. Antagonists were
applied iv by injection into the tail vein and po using a gavage
followed by blood and urine sampling (10 μL) after 6 min, 30
min, 1 h, 2 h, 4 h, 6 h, 8 h, and 24 h. Before analysis, proteins in
blood and urine samples were precipitated using methanol
(Acros Organics, Basel, Switzerland) and centrifuged for 11
min at 13000 rpm. The supernatant was transferred into a 96-
well plate (0.5 mL, polypropylene, Agilent Technologies, Basel,
Switzerland) and analyzed by LC-MS as described above.
UTIMouseModel.Micewere infectedaspreviouslydescribed.57
In brief, before infection, all remaining urinewas depleted form the
bladder by gentle pressure on the abdomen. Mice were anesthe-
tized with 2.5 vol% isoflurane/oxygen mixture (Attane, Minrad
Inc., Buffalo, NY, USA) and placed on their back. Anesthetized
mice were inoculated transurethrally with the bacterial suspension
by use of a 2 cm polyethylene catheter (Intramedic polyethylene
tubing, inner diameter 0.28mm, outer diameter 0.61mm, Beckton
Dickinson, Allschwil, Switzerland), which was placed on a syringe
(Hamilton Gastight Syringe 50 μL, removable 30G needle, BGB
Analytik AG, Boeckten, Switzerland). The catheter was gently
inserted through the urethra until it reached the top of the bladder,
followed by slow injection of 50 μL of bacterial suspension at a
concentration of approximately 109 to 1010 CFU/mL.
AntagonistTreatmentStudies.FimHantagonistswere applied iv
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of a gavage, 10min (17a,17b, 16b) or 1hbefore infection (1). Three
h after the onset of infection, urine was collected by gentle pressure
on the abdomen and then the mouse was sacrificed with CO2.
Organswere removedaseptically andhomogenized in1mLofPBS
byusing a tissue lyser (Retsch,Haan,Germany). Serial dilutions of
urine, bladder, and kidneys were plated on Levine Eosin Methy-
lene Blue Agar plates (Beckton Dickinson, Le Pont de Claix,
France). CFU counts were determined after overnight incubation
at 37 !Cand expressed asCFU/mL for theurine andCFU/bladder
and CFU/2 kidneys for the organs.
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urine po 1c + Tween 80 1% (10 mg/kg) 
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ABSTRACT: Urinary tract infections (UTIs), predominantly caused by
uropathogenic Escherichia coli (UPEC), belong to the most prevalent infectious
diseases worldwide. The attachment of UPEC to host cells is mediated by FimH, a
mannose-binding adhesin at the tip of bacterial type 1 pili. To date, UTIs are mainly
treated with antibiotics, leading to the ubiquitous problem of increasing resistance
against most of the currently available antimicrobials. Therefore, new treatment
strategies are urgently needed. Here, we describe the development of an orally
available FimH antagonist. Starting from the carboxylate substituted biphenyl α-D-
mannoside 9, aﬃnity and the relevant pharmacokinetic parameters (solubility,
permeability, renal excretion) were substantially improved by a bioisosteric
approach. With 3′-chloro-4′-(α-D-mannopyranosyloxy)biphenyl-4-carbonitrile
(10j) a FimH antagonist with an optimal in vitro PK/PD proﬁle was identiﬁed.
Orally applied, 10j was eﬀective in a mouse model of UTI by reducing the bacterial
load in the bladder by about 1000-fold.
■ INTRODUCTION
Urinary tract infection (UTI) is one of the most frequent
infectious diseases worldwide and aﬀects millions of people every
year.1 In more than 70% of the reported cases, uropathogenic
Escherichia coli (UPEC) is the causal pathogen.2 Acute,
uncomplicated lower urinary tract infection, commonly referred
to as cystitis, requires an antibiotic treatment for symptom relief
(i.e., reduction of dysuria, frequent and urgent urination,
bacteriuria, pyuria) and for prevention of more devastating or
even life threatening complications like pyelonephritis and
urosepsis.3,4 However, the repeated use of antibacterial chemo-
therapeutics provokes antimicrobial resistance leading to treat-
ment failure.5 Hence, a new approach for the prevention and
treatment of UTI with orally applicable therapeutics is urgently
needed.6
UPEC undergo a well-deﬁned infection cycle within the host.7
The key step in pathogenesis is bacterial adhesion to the
epithelial cells in the lower urinary tract.8 This interaction
prevents UPEC from clearance by the bulk ﬂow of urine and
enables the bacteria to colonize the epithelial cells. The adhesion
is mediated by the virulence factor FimH located at the tip of
bacterial type 1 pili.9,10 FimH consists of two immunoglobulin-
like domains: the N-terminal lectin domain and (connected by a
short linker) the C-terminal pilin domain.11 The lectin domain
encloses the carbohydrate recognition domain (CRD) that binds
to the oligomannosides of the glycoprotein uroplakin Ia on the
epithelial cell surface.12 The pilin domain anchors the adhesin to
the pilus and regulates the switch between two conformational
states of the CRD with high and low aﬃnity for mannosides,
respectively.
More than 3 decades ago, Sharon and co-workers described
various oligomannosides and aryl α-D-mannosides as potential
antagonists of the FimH-mediated bacterial adhesion.13,14
However, only weak interactions in the milli- to micromolar
range were observed. In recent years, several high-aﬃnity
monovalent mannose-based FimH antagonists with various
aglycones like n-alkyl,15 phenyl,16 dioxocyclobutenyl-
aminophenyl,17 umbelliferyl,16 biphenyl,18−22 indol(in)-
ylphenyl,23 triazolyl,24 and thiazolylamino25 have been reported.
In addition, diﬀerent multivalent presentations of the mannose
have been synthesized26−32 and a heptavalent presentation of n-
heptyl α-D-mannoside (1) tethered to β-cyclodextin proved to be
highly eﬀective when applied together with the UTI89 bacterial
strain through a catheter into the bladder of C3H/HeN mice.32
Importantly, adverse side eﬀects resulting from nonselective
binding of FimH antagonists (they are all α-D-mannopyrano-
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sides) to mannose receptors of the human host system have
recently been ruled out.33
The high aﬃnities of the monovalent α-D-mannopyranosides
are based on optimal interactions with the main structural
features of the CRD:34−37 ﬁrst, the mannose binding pocket
accommodating the mannose moiety by means of an extended
hydrogen bond network and, second, the entrance to the binding
site composed of three hydrophobic amino acids (Tyr48,
Tyr137, and Ile52) and therefore referred to as “tyrosine gate”
hosting aliphatic and aromatic aglycones. As an example, n-heptyl
α-D-mannopyranoside (1) exhibits nanomolar aﬃnity due to
hydrophobic contacts of the alkyl aglycone with the hydrophobic
residues of the tyrosine gate.15 Furthermore, aromatic aglycones,
such as present in mannosides 2 and 3 (Figure 1), provide strong
π−π stacking interactions with the tyrosine gate. This interaction
is further favored by the addition of an electron withdrawing
substituent on the terminal ring of the biaryl portion (→4).18,19
Recent in vivo PK studies in mice proved the high potential of
the biphenyl α-D-mannosides 5−8 for an oral treatment,
although high doses (≥50 mg/kg) were necessary to achieve
theminimal concentrations required for the antiadhesive eﬀect in
the urinary bladder.19−21 Moreover, the therapeutic eﬀect could
only be maintained for a few hours, i.e., 4 h for a po (per os)
single-dose application of 7 (50 mg/kg), because of rapid
elimination by glomerular ﬁltration and low reabsorption from
the primary urine in the renal tubules.20
To date, the physicochemical properties aﬀecting the rate of
renal excretion, i.e., lipophilicity and plasma protein binding
(PPB), or metabolic liabilities promoting nonrenal elimination
pathways have been barely investigated for FimH antagonists.
The goal of the present study was to optimize the biphenyl α-D-
mannoside with respect to oral bioavailability and renal
excretion. Starting from antagonist 919 (Figure 2), we
synthesized new biphenyl derivatives, characterized their aﬃnity
to the CRD, structurally investigated their binding mode, and
determined physicochemical and pharmacokinetic parameters
predictive for intestinal absorption and renal elimination.
Furthermore, we determined in vivo PK (pharmacokinetics) of
the most promising new antagonists in a mouse model. After oral
administration, the compound with the best PK proﬁle proved
eﬀective in reducing the bacterial loads upon bladder infection in
a mouse model of UTI.
■ RESULTS AND DISCUSSION
As previously reported, the carboxylate substituent present in the
biphenyl mannoside 9 (its electron withdrawing potential being
essential for an enhanced drug target interaction) strongly
decreases the lipophilicity of the antagonist (log D7.4 < −1.5 19)
in comparison to the n-heptyl (→1, log P = 1.7 19) or the
unsubstituted biphenyl aglycone (→3, log P = 2.1 22). Since low
lipophilicity is a major reason for low intestinal absorption and
rapid renal excretion of the systemically available antagonist,19,23
we aspired to improve oral bioavailability as well as renal
excretion by replacing the carboxylate in 9 with various
bioisosteric groups39 (Figure 2).
Synthesis. Iodide 11 was prepared from peracetylated
mannose and 4-iodophenol in the presence of BF3·Et2O.
22 In a
palladium-catalyzed Miyaura−Suzuki coupling40 with the
boronic acid or boronate derivatives 12a−g, the biphenyl
derivatives 13a−g were obtained in good to excellent yields.
Final deprotection yielded the test compounds 10a−g. When
microwave-assisted reaction conditions41 were utilized, the
conversion of arylnitrile 13g to tetrazole 14 proceeded rapidly
and with good yield. After deprotection of 14 using Zempleń
conditions, the test compound 10h was obtained (Scheme 1).
The cyanobenzamide derivative 10i (Scheme 2) was obtained
from 9 by peracetylation (→15) followed by conversion of the
Figure 1. Monovalent FimH antagonists 1−4 acting as reference compounds and 5−8 which have been orally explored in in vivo disease models.
Figure 2. Bioisosteric replacement of the carboxylic acid substituent of
biphenyl α-D-mannopyranoside 9.
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carboxylic acid into its acid chloride with 1-chloro-N,N,2-
trimethyl-1-propenylamine.42 Without isolation, the acid
chloride was reacted with sodium hydrogen cyanamide in
DMF followed by deacetylation under Zempleń conditions to
yield the test compound 10i.
Finally, to further improve the pharmacokinetic properties of
mannoside 10g18 (see Table 3), a chloride substituent was
introduced to the ortho-position of the aromatic ring adjacent to
the anomeric oxygen. For its synthesis, peracetylated α-D-
mannose (16) was coupled with 2-chloro-4-iodophenol (17)
using BF3·Et2O as promotor (→18, 76%). After the introduction
of the second aromatic ring by Miyaura−Suzuki coupling (→19,
75%), deprotection yielded mannoside 10j (Scheme 3).
Binding Aﬃnity.The binding aﬃnity of heptyl mannoside 1,
the biphenyl mannosides 3, 9, 20,18 and the bioisosteres 10a−j
was determined in a competitive ﬂuorescence polarization assay
(FP assay) and with isothermal titration calorimetry (ITC). A
protein construct consisting of the CRD with a C-terminal His-
tag with a thrombin cleavage site (FimH-CRD-Th-His6) was
used for all experiments.43
Competitive Fluorescence Polarization Assay. For the
rapid evaluation of binding aﬃnity, we established a competitive
Scheme 1a
a(a) Pd(Cl2)dppf·CH2Cl2, K3PO4, DMF, 80 °C, 4 h (13a−g, 44−99%); (b) NaOMe, MeOH, rt, 4 h (10a−h, 29−86%); (c) TMSN3, Bu2Sn(O),
DME, 150 °C, microwave, 10 min (81%).
Scheme 2a
a(a) (i) Ac2O, DMAP, pyridine, 0 °C to rt, overnight; (ii) sat. NaHCO3 aq, DCM, rt, 2 h (15, 53%); (b) 1-chloro-N,N,2-trimethyl-1-propenylamine,
toluene, 0 °C to rt, 2 h; (c) NaH, NH2CN, DMF, 0 °C to rt, overnight; (d) NaOMe, MeOH, rt, 4 h (10i, 21% for three steps).
Scheme 3a
a(a) BF3·Et2O, CH2Cl2, 40 °C (76%); (b) Pd(Cl2)dppf·CH2Cl2, K3PO4, DMF, 80 °C (75%); (c) NaOMe, MeOH, rt, 4 h (48%).
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binding assay based on ﬂuorescence polarization (FP). Similar
formats have been applied before for the detection of
carbohydrate−lectin interactions.18,44 In this assay, the antago-
nist of interest displaces a ﬂuorescently labeled competitor from
the binding site, thereby causing a reduction in ﬂuorescence
polarization.45 To identify the optimal competitor, ﬂuorescein
isothiocyanate (FITC) was connected to the FimH ligand 21 by
three linkers of diﬀerent lengths (→22−24, Scheme 4). For
Scheme 4a
a(a) 1-[(1-(Cyano-2-ethoxy-2-oxoethylideneaminooxy)dimethylaminomorpholinomethylene)]methanaminium hexaﬂuorophosphate (COMU),
NEt3, ﬂuoresceinamine, DMF, rt, 7 h (22, 19%); b) (i) DIC, NHS, N-Boc-ethylenediamine, DMF, rt, 12 h; (ii) TFA, DCM, rt, 10 min (68%
over two steps), (iii) ﬂuorescein isothiocyanate (FITC), NEt3, DMF, rt, 3 h (23, 48%); (c) (i) DIC, NHS, N-Boc-PEG2-NH2, DMF, rt, 14 h; (ii)
TFA, DCM, rt, 30 min (62% over two steps); (iii) FITC, DMF, rt (24, 65%).
Figure 3. (A) Direct binding curve of the labeled competitor 23 obtained by adding a linear dilution of FimH-CRD (0−100 nM) and a constant
concentration of competitor 23 (5 nM). The KD was determined by ﬁtting the experimental data to a single-site binding ﬁt that accounts for ligand
depletion. In three FP based direct binding experiments the KD of competitor 23 was determined to be 1.7 nM. (B) Inhibition curve of n-heptyl
mannoside (1) from the competitive FP assay. The IC50 value was determined by nonlinear least-squares ﬁtting to a standard four-parameter equation. A
modiﬁed Cheng−Prusoﬀ equation45 was used to calculate the corresponding KD value (KD = 28.3 nM).
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optimal sensitivity and signal-to-noise ratio, three main
parameters need to be considered: (i) the aﬃnity of the
competitor should not be impaired by the ﬂuorescent label; (ii)
the conformational ﬂexibility of the label upon binding of the
competitor to the CRD should be low; (iii) the ﬂuorescence
properties of the label should not be aﬀected by the connected
ligand.46−48 A change in ﬂuorescence properties was observed for
reporter ligand 22 in which the label was linked to the biphenyl
agylcone by an amide bond. The absorption spectrum revealed a
lack of the characteristic ﬂuorescein absorption peak at 494 nm
(Scheme 4), likely due to an extension of the conjugated system
to the biphenyl moiety of the ligand. The elongated saturated
spacer groups in competitors 23 and 24 ensured that the
expected spectral properties of the dye were retained (Scheme
4).
For the determination of their binding aﬃnity, ﬁxed
concentrations of the reporter ligands 23 and 24 were incubated
for 24 h with a linear dilution of the FimH-CRD (0−100 nM). FP
was measured using a plate reader, with polarized excitation at
485 nm and emission at 528 nmmeasured through appropriately
oriented polarizers. Fitting the single-site binding function of
Cooper49 to the observed FP data resulted for compound 23 in a
dissociation constant (KD = 1.7 nM, Figure 3A) similar to that of
the unlabeled parent compound 21,19 whereas 24 showed a 5-
fold lower aﬃnity (9.9 nM) (Scheme 4). Therefore, the reporter
ligand 23 fulﬁlls all characteristics as an optimal competitor and
was used for the FP assay.
For the test compounds 1, 3, 9, 20, and 10a−j, a 24 h
incubation time was applied before FP was measured because of
the long residence time of FimH antagonists (t1/2 > 3.5 h, Figure
3B50). The 24 h incubation period was empirically determined to
be necessary to reach equilibrium between reporter ligand and
compound of interest. IC50 values were obtained by nonlinear
least-squares regression (standard four-parameter dose−re-
sponse curve) and converted to KD values using a modiﬁed
Cheng−Prusoﬀ equation.45 This equation accounts for the
ligand depletion eﬀect in competitive titrations involving high-
aﬃnity interaction partners present in similar concentrations.
Under these conditions, the free concentration of an interacting
species cannot be assumed to equal the total concentration.
The KD values determined for the test compounds 1, 3, 9, 20,
and 10a−j are summarized in Table 1. Against our expectations,
the biphenyl mannosides 3 and 9 exhibit similar aﬃnities (Table
1), despite the presence of an electron withdrawing carboxylate
substituent in antagonist 9. According to the crystal structure of
FimH cocrystallized with the sulfonamide derivative 10e (Figure
4A), the outer aromatic ring of the biphenyl aglycone forms π−π
interactions with the electron rich Tyr48, which is part of the
tyrosine gate of FimH.15 A reduction of electron density of the
aglycone by the electron withdrawing carboxylate was expected
to enforce these π−π stacking interactions and lead to improved
aﬃnity. However, this beneﬁcial eﬀect might be compensated by
an entropic penalty originating from the improved π−π stacking
to Tyr48 that might lead to the reduced ﬂexibility of both protein
and antagonist. Furthermore, a beneﬁcial enthalpy eﬀect might
be partially compensated by an enthalpy penalty originating from
the desolvation of the charged carboxylate in 951 (see also
Experimental Section). Although this substituent is solvent
exposed, at least a partial desolvation may be necessary upon
antagonist binding. To prove this assumption, we replaced the
carboxylate by the corresponding methyl ester (→20)18 in order
to reduce the desolvation penalty and, as predicted by the
Hammett constant σp,
52 to further improve the π−π stacking.
Table 1. Aﬃnities (KD) of FimH Antagonists to FimH-CRD-
Th-His6
b
aThe KD value of 10j was approximated to be in the subnanomolar
range. The IC50 value obtained in the competitive FP assay was equal
to the lowest value that can be resolved by the assay, indicating
stoichiometric titration of 10j due to its high aﬃnity. Consequently, its
KD must be below the KD of competitor 23.
bDissociation constants
(KD) were determined in a competitive ﬂuorescence polarization assay.
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Indeed, a 6-fold improvement in aﬃnity was achieved. However,
since the methyl ester undergoes rapid enzyme-mediated
hydrolysis in vivo,19 it will not be available at the place of action
in the urinary bladder. The methyl ester was therefore replaced
by metabolically stable bioisosteres39 exhibiting comparable
electron withdrawing properties52 (Table 1, entries 5−13). The
most potent derivatives 10d, 10e, and 10g showed aﬃnities in
the low nanomolar range.
As previously reported,22 a chloro substituent in the ortho-
position of the aromatic ring adjacent to the anomeric oxygen is
favorable for aﬃnity and improves the physicochemical proper-
ties relevant for oral bioavailability. Indeed, the corresponding
antagonist 10j was the most potent compound tested in this
study.
Isothermal Titration Calorimetry (ITC). To further
conﬁrm our hypothesis regarding π−π stacking and desolvation,
we performed ITC experiments with the reference compound 1,
the unsubstituted biphenyl mannoside 3, the carboxylic acid 9,
and the bioisosteres 10b−e,g,j (Table 2). ITC allows the
simultaneous determination of the stoichiometry (N), the
change in enthalpy (ΔH) and the dissociation constant (KD)
for ligand−protein binding.53,54 The reliable determination of
these three parameters requires well-deﬁned sigmoidal titration
curves characterized by the dimensionless Wiseman parameter c
(c = Mt(0) KD
−1, where Mt(0) is the initial macromolecule
concentration).55 To be sure that data can be ﬁtted with
conﬁdence, the c-value should be between 1 and 1000 (ideally
between 5 and 500),56 which could be achieved for the
antagonists 3 and 9. For titrations involving low micromolar
Mt(0) and interactions in the low nanomolar or picomolar range,
as suggested for the bioisosteres 10b−j, c-values above 1000 were
expected. Since these conditions lead to steep titration curves
that do not allow the determination of the curve slope
representing 1/KD, we applied an alternative, competitive format
referred to as displacement assay.57,58 First, FimH-CRD-Th-His6
was preincubated with the low aﬃnity antagonist n-heptyl 2-
deoxy-α-D-mannopyranoside (25, for synthesis see Supporting
Information). The high-aﬃnity bioisosteres of interest were
titrated into the protein−ligand complex giving well-deﬁned
sigmoidal titration curves.
The resulting KD values (Table 2) correspond well with the
data obtained from the FP assay (Table 1). A comparison of the
thermodynamic ﬁngerprints of antagonists 3 and 9 reveals that
the more favorable enthalpic contribution resulting from
facilitated π−π stacking leads to a net enthalpy gain (ΔΔH =
−3.7 kJ/mol). However, an even greater increase in enthalpy is
likely countered by the enthalpy costs for desolvation of the
electron withdrawing carboxylate.
The gain in enthalpy is in turn compensated by an unfavorable
entropy (−TΔΔS = 3.2 kJ/mol) as a result of the reduced
ﬂexibility of both the antagonist and the Tyr48 side chain caused
by the improved interaction. This is not entirely outweighed by
the beneﬁcial entropy contribution related to the partial
desolvation of the carboxylate and the related release of water
into the bulk. Added together, the enthalpy and entropy
contributions of antagonists 3 and 9 result in similar aﬃnities
(KD of 17.7 and 15.0 nM, respectively).
In contrast, the replacement of the carboxylate group by
various neutral bioisosteres (entries 4−7) reduces the enthalpy
costs for desolvation (see calculated free energies of desolvation,
Experimental Section) and therefore leads to a markedly
improved enthalpy (ΔΔH from −3.5 to −5.8 kJ/mol). As a
result, an up to 5-fold improvement of the KD values was
achieved. Finally, with a cyano substituent (entries 8 and 9), the
enthalpy term was further improved (ΔΔH = −3.7 kJ/mol)
because of a reduced desolvation penalty and improved π−π
stacking interactions. However, this beneﬁcial component is
again partially compensated by a decrease in entropy. This can be
attributed, ﬁrst, to the loss of ﬂexibility of the tightly bound ligand
(Figure 4B) and, second, to the smaller surface area of the cyano
substituent compared to amide, sulfonamide, and sulfone, which
results in a smaller number of water molecules being released to
bulk upon binding.
X-ray Crystallography. To determine the binding poses of
the bioisosters, we cocrystallized the compounds 10e and 10j
with the FimH-CRD (Figure 4). Atomic resolution crystal
structures were obtained at 1.07 Å (10e) and 1.10 Å (10j). As
observed in previous mannoside cocrystal structures,15,18,36 the
mannose moiety forms an extensive hydrogen bond network to
the well-deﬁned binding site with all of its hydroxyl groups. The
biphenyl aglycone is located between the tyrosine gate residues
(Tyr48/Tyr137). The π−π stacking of the second aromatic ring
of the aglycone to the side chain of Tyr48 contributes most to the
interaction energy of the aglycone moiety. Interactions to the
Tyr137 side chain on the other hand are only limited. Whereas a
previously published crystal structure of a biphenyl mannoside in
complex with FimH-CRD suﬀers from crystal contacts of
binding site residues (Tyr48 side chain to backbone oxygen of
Val27) possibly causing the distortion of the binding site,18 the
binding sites of our structures are mostly solvent exposed. This
Figure 4. Ligand binding poses determined by X-ray cocrystallization with compounds 10e resolved to 1.07 Å (A) and 10j resolved to 1.10 Å (B). The
electron density surrounding the aglycone of 10e indicates ﬂexibility of the aglycone and was modeled in two poses. Both compounds bind in a similar
pose with a well-deﬁned hydrogen network surrounding the mannose moiety and π−π stacking interactions between the second aromatic ring and
Tyr48 side chain (A). In contrast, in the FimH-CRD/10j structure the amino acid side chain of Y48 can be modeled in two distinct rotamers, suggesting
ﬂexibility also of the receptor (B).
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revealed the ﬂexibility of the aglycone in the FimH-CRD/10e
structure, since the electron density toward the solvent-exposed
sulfonamide indicates that there is not one single orientation.
Therefore, the aglycone was modeled in two distinct poses. In
contrast, in the FimH-CRD/10j structure the amino acid side
chain of Y48 can be modeled in two distinct rotamers, suggesting
ﬂexibility also of the receptor.
Physicochemical Properties and in Vitro Pharmacoki-
netics. Intestinal absorption and renal excretion are prereq-
uisites for a successful oral treatment of UTI with FimH
antagonists. Furthermore, reabsorption of antagonist from the
renal ultraﬁltrate is desirable for maintaining the minimal
antiadhesive concentration in the target organ, namely, the
bladder, over an extended period of time. To estimate the
inﬂuence of the bioisostere approach on oral bioavailability and
the rate of renal excretion, we determined lipophilicity by means
of the octanol−water distribution coeﬃcient (log D7.4),59
aqueous solubility, and membrane permeability in the artiﬁcial
membrane permeability assay (PAMPA)60 and the colorectal
adenocarcinoma (Caco-2) cell monolayer model.61
Table 2. Thermodynamic Parameters from ITC for Selected FimH Antagonists Binding to FimH-CRD-Th-His6
d
a95% conﬁdence interval from ﬁtting in parentheses. bGlobal ﬁt including two direct titration measurements. cITC data were previously published
with an n-value of 0.82.37 dn, stoichiometric correction factor.
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Oral Bioavailability. Oral bioavailability of a compound
relies on solubility, permeation through the membranes lining
the intestine, and stability against ﬁrst pass metabolism.64,65 As
discussed by Lipinski66 and Curatolo,67 dose and permeability
deﬁne the minimum aqueous solubility required for oral
administration. Thus, a dose of 1 mg/kg of a moderately
permeable compound requires a solubility of at least 52 μg/mL.
Whereas suﬃcient aqueous solubility (>3000 μg/mL) was
reported for n-heptyl α-mannopyranoside (1),19 the unsub-
stituted biphenyl α-D-mannopyranoside 3 and the antagonists
bearing a methylcarboxylate, carboxamide, or tetrazole sub-
stituent (compounds 20, 10a, and 10h) were found to be scarcely
soluble.22 As proposed by Ishikawa,68 a possible reason is the
apolar and planar aglycone. By contrast, the polar carboxylic acid
moiety present in antagonist 9 or the substituents in the
bioisosteres 10b−j enhance solubility to 122−273 μg/mL, a level
suﬃcient for in vivo PK studies. For in vivo disease studies,
however, dosages of up to 10 mg/kg were foreseen (see below),
requiring a solubility of 520 μg/mL.66,67 For this reason,
surfactant Tween 80 (1%) had to be added.
Furthermore, permeability data derived from PAMPA69 and
the Caco-2 model70 suggest moderate to high permeation of the
moderately lipophilic antagonists 1, 3, and 20 (logD7.4 > 1.6)
through the intestinal membranes. The bioisosteres 10a−f,h,i,
although slightly more permeable than the strongly hydrophilic
carboxylic acid derivative 9, show only low values of permeability
compared to n-heptyl α-D-mannopyranoside (1) or the
unsubstituted biphenyl mannoside 3. However, the p-cyanobi-
phenyl derivatives 10g and 10j display elevated log D7.4 and
eﬀective permeability (log Pe) in the range for successful
intestinal absorption. Regarding both suﬃcient aqueous
solubility and elevated membrane permeability, the p-cyano
substituted bioisosteres 10g and 10j are thus the most promising
candidates for oral absorption. Moreover, combining the
bioisosteric replacement with the addition of a chloro substituent
in the ortho-position of the aromatic ring adjacent to the
anomeric oxygen (→10j)22 resulted in the most advantageous
physicochemical proﬁle for oral bioavailability.
Renal Excretion. The rate of renal excretion depends on the
rate of glomerular ﬁltration and the propensity to tubular
secretion and reabsorption of an antagonist.71 Only the fraction
that is not bound to plasma proteins is expected to enter the
glomerular ﬁltrate.72 Plasma protein binding (PPB) data
indicating the fraction bound ( f b) are listed in Table 2.
62 The
biphenyls 9 and 10c were identiﬁed as moderate binders to
plasma proteins ( f b≤ 65%), which suggests a low impact of PPB
on antagonist ﬁltration. The fb values of the antagonists 1, 3, 20,
and 10j were between 80% and 93%, whereas the bioisosteres
10d,e,g showed particularly high protein binding ( f b ≥ 99%)
implying slow compound entry into the primary urine. However,
the kinetic aspects of PPB, that is, association and dissociation
rate constants, remain to be determined to quantify precisely the
inﬂuence of PPB on ﬁltration.73
Furthermore, log D7.4 was identiﬁed as key determinant of
tubular reabsorption.74−76 Accordingly, lipophilic compounds
are predominantly reabsorbed from the renal ﬁltrate. Given that
renal clearance is the major route of elimination, this will result in
a slow but steady excretion into the bladder. In contrast,
hydrophilic compounds are poorly reabsorbed and thus quickly
renally eliminated, which leads to high initial compound levels in
the urine but narrows the time range where the minimal
antiadhesive concentration is maintained. Consequently, low
log D7.4 as shown for the antagonists 9, 10h, and 10i implies low
tubular reabsorption and rapid elimination of the ﬁltered
molecules by the urine. Otherwise, log D7.4 between 0.2 and
0.7, such as determined for the bioisosteres 10a-e, suggests














1 1.65 >3000 −4.89 7.0 ± 0.6 9.4 ± 0.2 81 13
3 2.1 ± 0.1 21 ± 1/7.4 −4.7 ± 0.1/7.4 10.0 ± 0.9 19.0 ± 1.2 93 ± 1 nd
20 2.14 33.8/6.51 −4.7 4.23 nd 93 1.0
9 3.88 <−1.5 >3000/6.61 no permeation nd nd 73 >60
10a 0.5 ± 0.1 12 ± 1/7.4 −6.8 ± 0.3/7.4 0.12 ± 0.01 0.61 ± 0.03 nd nd
10b 0.8 ± 0.0 122 ± 13/7.4 −9.2 ± 1.4/7.4 1.10 ± 0.82 0.87 ± 0.15 nd nd
10c 0.2 ± 0.1 >250/7.4 −7.8 ± 0.3/7.4 0.18 ± 0.07 1.30 ± 0.03 48 ± 2 >60
10d 0.4 ± 0.0 246 ± 17/7.4 −7.2 ± 0.0/7.4 0.36 ± 0.01 1.76 ± 0.12 99 ± 1 >60
10e 0.7 ± 0.1 >250/7.4 −8.6 ± 0.2/7.4 0.28 ± 0.23 1.82 ± 0.14 >99 >60
10f 6.5 1.1 ± 0.0 >150/3.0 −7.7 ± 0.8/5.0 0.40 ± 0.02 1.90 ± 0.17 nd nd
>150/7.4 −8.8 ± 0.1/7.4
10g 1.4 ± 0.0 186 ± 4/7.6 −5.7 ± 0.0/7.4 2.0 ± 0.1 13.2 ± 2.1 99 ± 0 >60
10h 3.7 −1.4 ± 0.1 11 ± 0/3.0 −9.3 ± 1.4/5.0 0.17 ± 0.00 0.22 ± 0.01 nd nd
273 ± 2/7.4 −8.8 ± 1.4/7.4
10i 2.5 −1.1 ± 0.1 >150/3.0 −6.8 ± 0.2/5.0 0.22 ± 0.14 0.29 ± 0.03 nd nd
>150/7.4 −7.0 ± 0.1/7.4
10j 2.1 ± 0.0 192 ± 5/7.4 −5.2 ± 0.0/7.4 2.2 ± 0.4 22.1 ± 1.5 89 ± 1 >60
apKa values were determined by NMR spectroscopy.
bOctanol−water distribution coeﬃcients (log D7.4) were determined by a miniaturized shake-
ﬂask procedure at pH 7.4. Values represent the mean ± SD of sextuplicate measurements.59 cKinetic solubility was measured in a 96-well format
using the μSOL Explorer solubility analyzer at the indicated pH in triplicate. dPe = eﬀective permeability. Passive permeation through an artiﬁcial
membrane was determined by the parallel artiﬁcial membrane permeation assay (PAMPA). Values represent the mean ± SD of quadruplicate
measurements performed at the indicated pH.60 ePapp = apparent permeability. Permeation through a Caco-2 cell monolayer was assessed in the
absorptive (a → b) and secretory (b → a) directions in triplicate.61 fPlasma protein binding (PPB) was determined by equilibrium dialysis in
triplicate.62 gMetabolic stability was determined by incubating the compounds (2 μM) with pooled rat liver microsomes (RLM, 0.5 mg/mL) in the
presence of NADPH (1 mM, compounds 1, 9, 10c−e,g,j) or without NADPH (compound 20).63 hnd = not determined.
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increasing propensity to tubular reuptake, whereas logD7.4 > 1 as
shown for heptyl mannoside 1 and the biphenyl mannosides 3,
20, 10g, 10f, and 10j is optimal for tubular reabsorption from the
glomerular ﬁltrate and thus for slow renal clearance.
Metabolic Stability. Increasing lipophilicity is usually
paralleled by increasing susceptibility to metabolism.77 Liabilities
toward metabolic clearance pathways that prevent the intact
antagonist from reaching the target in the bladder were therefore
of interest. To assess their propensity to cytochrome P450
(CYP450) mediated metabolism, heptyl mannoside 1, the
carboxylic acid derivative 9, and the bioiosteres 10c−e,g,j were
incubated with rat liver microsomes (RLM, 0.5 mg/mL) in the
presence of the cofactor β-nicotinamide adenine dinucleotide
phosphate (NADPH).63 To conﬁrm the high propensity of the
methyl ester present in antagonist 20 to carboxylesterase (CES)
mediated hydrolysis, this antagonist was incubated with RLM
only. The proﬁles of unchanged compound versus time revealed
high susceptibility of heptyl mannoside 1 to CYP450-mediated
metabolism (t1/2 = 13 min) and rapid hydrolysis of the ester 20
by the hepatic CES (t1/2 = 1.0 min). Otherwise, the bioisosteres
10c−e,g,j were stable against enzyme-mediated bioconversion
(t1/2 > 60 min), suggesting lower propensity to metabolic,
nonrenal elimination pathways.
Considering PPB, lipophilicity, andmetabolic stability data, we
therefore expected (i) a steady release of compounds 10d,e,g,j
into the bladder because of high PPB decelerating glomerular
ﬁltration (10d,e,g) and/or high log D7.4 supporting tubular
reabsorption (10g,j), (ii) a fast excretion of antagonists 9 and 10c
via the urine due to low PPB and low log D7.4, and (iii) a rapid
clearance of heptyl mannoside 1 from the body by renal and
metabolic pathways. Compounds featuring high propensity to
renal excretion as major route of elimination (10c, 10e and 10j)
were selected for in vivo PK studies in a mouse model.
Pharmacokinetic Studies in C3H/HeN Mice. This ﬁrst
part of our study explored the predicted eﬀects of lipophilicity,
PPB, and metabolic stability on antagonist disposition and
elimination upon a single dose iv application (50 mg/kg) of
compounds 10c and 10e. The PK parameters of these
applications and those of the previously published carboxylate
9 are summarized in Table 4. The table also contains the results
of the iv administration of compound 10j (0.625 mg/kg).
Table 4. Pharmacokinetic Parameters Determined after a Single iv Application of Compounds 9, 10c, 10e, and 10j in Female C3H/
HeN Micea
plasma
compd C0 (μg/mL) dose (mg/kg) Vz (mL) t1/2 (h) AUC0−inf (μg·h/mL) CLtot (mL/h) urine, Cmax (μg/mL)
9 40 50 25.2 0.33 23.5 53.1 300
10c 109.7 50 28.3 0.4 25.3 49.4 4611
10e 151.6 50 19.5 1.9 175.1 7.1 387
10j 0.36 0.625 52.8 0.17 0.07 218 10
aValues were calculated using PKSolver.78 C0, initial concentration; Vz, volume of distribution in terminal phase; AUC, area under the curve; CLtot,
total clearance; Cmax, maximal concentration.
Figure 5. Antagonist concentrations in (A) plasma and (B) urine after a single iv application of 9, 10c, and 10e (50 mg/kg).
Figure 6.Antagonist concentrations in (A) plasma and (B) urine after a single iv and po application of compound 10j (iv, 0.625mg/kg; po, 1.25mg/kg).
MAC90 is the minimal antiadhesive concentration to inhibit 90% adhesion (0.094 μg/mL).
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In contrast to the fast plasma clearance of antagonists 9 and
10c (Figure 5A), the methylsulfonamide bioisostere 10e attained
higher initial concentration in plasma (C0) and lower total
clearance (CLtot). Therefore, it could be detected until 6 h after
application, resulting in markedly higher plasma AUC. The
observed high C0 of compound 10e may be attributed to a small
volume of distribution (Vz) resulting from the high PPB ( f b ≥
99%).72 In urine (Figure 5B), the carboxylic acid 9 and the
morpholinomethanone 10c displayed high levels immediately
following administration and a rapid concentration decrease
within the ﬁrst 2 h, reﬂecting the rapid elimination from plasma.
Fast renal excretion as major route of elimination can be
rationalized by the physicochemical properties of the antagonists
9 and 10c, that is, moderate PPB and log D7.4, as well as high
metabolic stability. Otherwise, the methylsulfonamide bioisos-
tere 10e showed sustained compound levels in urine over a
period of 2 h and subsequent slow decrease until 6 h after
administration. This sustained renal excretion is a result of the
interplay of the antagonist’s elevated PPB and log D7.4.
In a second study, the p-cyano bioisostere 10j, characterized by
a high oral absorption potential, was administered as a single dose
iv (0.625 mg/kg) and po (1.25 mg/kg). The plasma
concentration curve upon iv dosing displays a steep decline
within the ﬁrst hour after application, while the po curve shows a
prolonged period where absorption and elimination are in
equilibrium (Figure 6A). The urine concentration proﬁles
(Figure 6B) parallel the plasma curves obtained by the two
modes of application; i.e., high plasma clearance upon iv bolus
injection led to high initial antagonist levels in urine and a rapid
concentration decline. By contrast, sustained plasma concen-
trations upon po administration resulted in prolonged urine
levels.
As a result, urine concentrations exceed the minimum level
required for the antiadhesive eﬀect as estimated from the in vitro
cell infection model79 (minimal antiadhesion concentration,23
MAC90 = 0.094 μg/mL) for more than 8 h upon oral single-dose
administration (Figure 6B).
Infection Study in C3H/HeN Mice. In a preventive study,
six mice were inoculated with UTI89 following an oral
application of 10j (1.25 mg/kg) 40 min prior to infection.
Three hours after inoculation, the animals were sacriﬁced and
bladder and kidneys were removed. Organs were homogenized
and analyzed for bacterial counts. The eﬀect of the FimH
antagonist was compared to a 8 mg/kg dose of ciproﬂoxacin
(CIP), applied subcutaneously (sc) 10 min before infection. CIP
is used as standard antibiotic therapy in humans for the treatment
of UTI.80 In mice, the dose of 8 mg/kg sc was shown to mimic
the standard human dose regarding peak levels and the AUC24 in
serum.81 The median reductions in bacterial counts in mice
treated with 10j and CIP compared to the control group 3 h after
infection are displayed in Figure 7.
Figure 7. Preventive eﬃcacy of 10j in the UTI mouse model 3 h after infection. The bars depict the median bacterial load with the interquartile range in
the diﬀerent study groups. Shown are the results of the control group (PBS), control group formulation (5% DMSO in PBS containing 1% Tween 80),
and the intervention groups with the preventive applications of either 1.25 or 10 mg/kg 10j po or 8 mg/kg CIP sc (representing the murine dose
equivalent to a human standard dose).81 DL, detection limit. CFU, colony forming units.
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The median value in the untreated control group showed
bacterial counts of 6.6 log10 colony forming units (CFU) in the
bladder and 6 log10 CFU in the kidneys. After oral application of
1.25 mg/kg 10j, bacterial loads in the bladder decreased by 1.78
log10 CFU and 1.07 log10 CFU in the kidneys. The lower
reduction in the kidneys is most likely due to the diﬀering
adhesion mechanisms between bladder and kidneys (type 1 pili
vs P-pili), which is not targeted by 10j.82 With CIP (8 mg/kg sc)
a substantial reduction in both bladder and kidneys (median
reductions of 2.44 log10 and 2.47 log10, respectively) was
observed. Despite the low oral dose of 10j (1.25 mg/kg), the
approximately 100-fold reduction of CFU in the bladder
promised an even higher eﬀect upon dose increase to 10 mg/
kg. Since the solubility of 10j for this increased dose is too low
(192 μg/mL), we used 5% DMSO and surfactant Tween 80
(1%) as solubilizer. To eﬀectively compare the eﬀect of a higher
dose of 10j, a control group receiving the formulation only (5%
DMSO in PBS containing 1% Tween 80, termed control group
formulation) was tested in parallel. When 10 mg/kg 10j was
applied, bacterial loads in the bladder decreased by 2.68 log10
CFU/mL compared to the control group formulation, clearly
exceeding the eﬀect of CIP with a reduction of 2.44 log10 CFU/
mL. However, only a moderate reduction of 1.04 log10 CFU was
achieved in the kidneys.
■ SUMMARY AND CONCLUSION
Recently, numerous monovalent alkyl and aryl α-D-mannopyr-
anosides have been described as potent FimH antagonists.
However, most of them suﬀer from insuﬃcient pharmacokinetic
properties, i.e., modest bioavailability and short duration of the
therapeutic eﬀect in the bladder, their site of action. As a
consequence, high doses at short intervals are required to achieve
antiadhesive eﬀects over an extended period of time. Therefore,
the goal of the present study was an appropriate optimization of
the pharmacokinetic proﬁle of biphenyl α-D-mannopyranosides
while keeping their high aﬃnity to the CRD of FimH. The
starting point was the biphenylcarboxylate 9 where the critical
carboxylate was replaced by bioisosteres.39,83
With a series of bioisosteres, a 3- to 5-fold improvement of
aﬃnity was achieved compared to 9. Although binding
necessitates only partial desolvation of the carboxylate and its
bioisosteric replacements, a reduction of the enthalpy penalty for
desolvation51 was identiﬁed as the source of the improved aﬃnity
exhibited by the bioisosteres. Thermodynamic evaluation of
antagonists 10b−e revealed almost identical enthalpy contribu-
tion to binding. However, for antagonists with the p-cyano
substituent (10g and 10j) an enhancement of up to −8.7 kJ/mol
was observed, indicating a reduced desolvation penalty and an
improved stacking as derived from the crystal structure of 10j
cocrystallized with the CRD of FimH (Figure 4B). On the other
hand, higher aﬃnity originating from a reduction of conforma-
tional ﬂexibility of ligand and protein resulted in a concomitant
entropy penalty of up to 6.5 kJ/mol.
In addition to the improved pharmacodynamics, the relevant
pharmacokinetic parameters (solubility, permeability, renal
excretion) were substantially improved. With 3′-chloro-4′-(α-
D-mannopyranosyloxy)biphenyl-4-carbonitrile (10j), a FimH
antagonist with an optimal in vitro PK/PD proﬁle was identiﬁed.
The p-cyano substituent conferred lipophilicity and high binding
to plasma proteins, which slowed the rate of renal excretion.
Despite higher lipophilicity, antagonist 10j was insusceptible to
CYP450-mediated metabolism and therefore predominantly
eliminated via the renal pathway. In vivo experiments conﬁrmed
the excellent PK proﬁle of 10j with steady renal excretion for
more than 8 h after oral application (1.25 mg/kg), suggesting a
long-lasting antiadhesive eﬀect. Finally, the preventive oral
application of 10j (10 mg/kg) reduced the bacterial load in the
bladder by almost 1000-fold 3 h after infection. Although the ﬁrst
3 h of the infection do not represent the complete infection cycle,
they represent the time span of bacteria adhering and invading
urothelial cells.84,85 Nevertheless, the eﬀect of FimH antagonist
10j within a longer infection time and at higher dosing will be the
subject of future investigations.
■ EXPERIMENTAL SECTION
Synthesis. The synthesis of compounds 10a−d, 10f, 10g, 10i, 13a−
d, 13f, 13g, 15, 18, and 25, including compound characterization data,
can be found in the Supporting Information.
General Methods.NMR spectra were recorded on a Bruker Avance
DMX-500 (500.1 MHz) spectrometer. Assignment of 1H and 13C NMR
spectra was achieved using 2D methods (COSY, HSQC, HMBC).
Chemical shifts are expressed in ppm using residual CHCl3, CHD2OD,
or HDO as references. Optical rotations were measured using
PerkinElmer polarimeter 341. Electron spray ionization mass spectra
were obtained on a Waters micromass ZQ. The LC/HRMS analyses
were carried out using a Agilent 1100 LC equipped with a photodiode
array detector and a Micromass QTOF I equipped with a 4 GHz digital
time converter. Microwave-assisted reactions were carried out with a
CEM Discover and Explorer. Reactions were monitored by TLC using
glass plates coated with silica gel 60 F254 (Merck) and visualized by using
UV light and/or by charring with a molybdate solution (a 0.02 M
solution of ammonium cerium sulfate dihydrate and ammonium
molybdate tetrahydrate in aqueous 10% H2SO4). MPLC separations
were carried out on a CombiFlash Companion or Rf (Teledyne Isco)
equipped with RediSep normal-phase or RP-18 reversed-phase ﬂash
columns. LC−MS separations were done on a Waters system equipped
with sample manager 2767, pump 2525, PDA 2525, andMicromass ZQ.
All compounds used for biological assays are at least of 95% purity based
on HPLC analytical results. Commercially available reagents were
purchased from Fluka, Aldrich, Alfa Aesar, or abcr GmbH & Co. KG
(Germany). Solvents were purchased from Sigma-Aldrich or Acros and
were dried prior to use where indicated. Methanol (MeOH) was dried
by reﬂuxing with sodium methoxide and distilled immediately before
use. Dimethoxyethane (DME) was dried by ﬁltration over Al2O3 (Fluka,
type 5016 A basic).
4′-(2,3,4,6-Tetra-O-acetyl-α-D-mannopyranosyloxy)-N-meth-
ylbiphenyl-4-sulfonamide (13e). A Schlenk tube was charged with
aryl iodide 1122 (116 mg, 0.21 mmol), 4-(N-methylsulfamoyl)-
phenylboronic acid (12e, 50 mg, 0.23 mmol), Pd(dppf)Cl2·CH2Cl2 (5
mg, 0.006 mmol), K3PO4 (67 mg, 0.32 mmol), and a stirring bar. The
tube was closed with a rubber septum and was evacuated and ﬂushed
with argon. This procedure was repeated once, and then anhydrous
DMF (1 mL) was added under a stream of argon. The mixture was
degassed in an ultrasonic bath and ﬂushed with argon for 5 min and then
stirred at 80 °C overnight. The reaction mixture was cooled to rt, diluted
with EtOAc (50 mL), and washed with water (50 mL) and brine (50
mL). The organic layer was dried over Na2SO4 and concentrated in
vacuo. The residue was puriﬁed by MPLC on silica gel (petroleum
ether/EtOAc) to aﬀord 13e (105 mg, 84%) as a white solid. [α]D
20
+56.4 (c 0.50, MeOH). 1H NMR (500 MHz, CDCl3): δ = 7.92−7.90
(m, 2H, Ar−H), 7.70−7.68 (m, 2H, Ar−H), 7.57−7.55 (m, 2H, Ar−H),
7.21−7.19 (m, 2H, Ar−H), 5.60−5.57 (m, 2H, H-1, H-3), 5.48 (dd, J =
1.8, 3.4 Hz, 1H, H-2), 5.40 (t, J = 10.0 Hz, 1H, H-4), 4.38 (dd, J = 5.4,
10.8 Hz, 1H, NH), 4.30 (dd, J = 4.9, 12.3 Hz, 1H, H-6a), 4.13−4.08 (m,
2H, H-5, H-6b), 2.72 (d, J = 5.4 Hz, 3H, NCH3), 2.22, 2.07, 2.05, 2.04 (4
s, 12H, 4 COCH3).
13C NMR (126 MHz, CDCl3): δ = 170.55, 170.06,
170.03, 169.75 (4 CO), 155.97, 144.81, 137.16, 134.09, 128.62, 127.85,
127.39, 117.01 (Ar−C), 95.78 (C-1), 69.34 (C-5), 69.31 (C-2), 68.81
(C-3), 65.86 (C-4), 62.07 (C-6), 29.44 (NHCH3), 20.92, 20.74, 20.72
(4C, 4 COCH3). ESI-MS m/z, calcd for C27H31NNaO12S [M + Na]
+:
616.1. Found: 616.1.
Journal of Medicinal Chemistry Article
DOI: 10.1021/jm501524q








mide (10e). To a solution of 13e (40 mg, 0.07 mmol) in dry MeOH (5
mL) was added freshly prepared 1MNaOMe/MeOH (0.1 equiv) under
argon. The mixture was stirred at rt until the reaction was complete
(monitored by TLC), then neutralized with Amberlyst-15 (H+) ion-
exchange resin, ﬁltered, and concentrated in vacuo. The residue was
puriﬁed by MPLC on silica gel (DCM/MeOH, 10:1 to 7:1) to aﬀord
10e (22 mg, 76%) as white solid. [α]D
20 +105.7 (c 0.30, MeOH). 1H
NMR (500 MHz, CD3OD): δ = 7.90−7.88 (m, 2H, Ar−H), 7.80−7.79
(m, 2H, Ar−H), 7.66−7.64 (m, 2H, Ar−H), 7.26−7.25 (m, 2H, Ar−H),
5.58 (d, J = 1.7 Hz, 1H, H-1), 4.06 (dd, J = 1.8, 3.3 Hz, 1H, H-2), 3.96
(dd, J = 3.4, 9.5 Hz, 1H, H-3), 3.79−3.74 (m, 3H, H-4, H-6a, H-6b), 3.63
(ddd, J = 2.5, 5.2, 9.7 Hz, 1H, H-5), 2.57 (s, 3H, NHCH3).
13C NMR
(126 MHz, CD3OD): δ = 158.34, 146.13, 138.67, 134.55, 129.53,
128.82, 128.21, 118.29 (Ar−C), 100.09 (C-1), 75.53 (C-5), 72.42 (C-
3), 71.96 (C-2), 68.32 (C-4), 62.68 (C-6), 29.31 (NHCH3). HRMS m/
z, calcd for C19H23NNaO8S [M + Na]
+: 448.1037. Found: 448.1038.
5-(4′-(2,3,4,6-Tetra-O-acetyl-α-D-mannopyranosyloxy)-
biphenyl-4-yl)-1H-tetrazole (14). A Schlenk tube was charged with
13g (30 mg, 0.06 mmol), trimethylsilyl azide (16 μL, 0.12 mmol),
dibutyltin oxide (2 mg, 0.006 mmol), DME (1 mL), and a stirring bar.
The mixture was heated to 150 °C for 10 min by microwave irradiation.
The reaction mixture was cooled to rt and then concentrated in vacuo.
The residue was puriﬁed by MPLC on silica gel (DCM/MeOH, 9:1 to
8:1) to aﬀord 14 (26 mg, 81%) as a colorless oil. [α]D
20 +56.1 (c 0.3,
MeOH). 1H NMR (500 MHz, CDCl3): δ = 8.25−8.15 (m, 2H, Ar−H),
7.75−7.65 (m, 2H, Ar−H), 7.60−7.55 (m, 2H, Ar−H), 7.20−7.17 (m,
2H, Ar−H), 5.64−5.55 (m, 2H, H-1, H-3), 5.49 (dd, J = 1.7, 3.3 Hz, 1H,
H-2), 5.40 (t, J = 10.1 Hz, 1H, H-4), 4.31 (dd, J = 5.3, 12.4 Hz, 1H, H-
6a), 4.17−4.06 (m, 2H, H-5, H-6b), 2.22, 2.07, 2.06, 2.05 (4 s, 12H, 4
COCH3).
13C NMR (126 MHz, CDCl3): δ = 170.67, 170.14, 170.11,
169.81 (4 CO), 155.61, 128.36, 127.84, 127.49, 116.93 (Ar−C), 95.78
(C-1), 69.36 (C-5), 69.26 (C-2), 68.90 (C-3), 65.89 (C-4), 62.12 (C-6),
20.92, 20.76, 20.73 (4 COCH3). ESI-MSm/z, calcd for C27H28N4NaO10
[M + Na]+: 591.2. Found: 591.1.
5-(4′-(α-D-Mannopyranosyloxy)biphenyl-4-yl)-1H-tetrazole
(10h). Prepared according to the procedure described for 10e from 14
(26 mg, 0.03 mmol). Yield: 18 mg (quant) as a white solid. [α]D
20
+112.1 (c 0.1, MeOH/H2O, 2:1).
1H NMR (500 MHz, CD3OD): δ =
7.98−7.96 (m, 2H, Ar−H), 7.72−7.71 (m, 2H, Ar−H), 7.58−7.54 (m,
2H, Ar−H), 7.16−7.13 (m, 2H, Ar−H), 5.46 (d, J = 1.7 Hz, 1H, H-1),
3.94 (dd, J = 1.9, 3.5 Hz, 1H, H-2), 3.83 (dd, J = 3.4, 9.5 Hz, 1H, H-3),
3.68−3.61 (m, 3H, H-4, H-6a, H-6b), 3.52 (ddd, J = 2.5, 5.4, 9.7 Hz, 1H,
H-5). 13C NMR (126 MHz, CD3OD): δ = 158.19, 145.07, 134.97,
129.29, 128.74, 128.55, 118.26 (Ar−C), 100.13 (C-1), 75.52 (C-5),
72.42 (C-3), 71.98 (C-2), 68.33 (C-4), 62.69 (C-6). HRMS m/z, calcd
for C19H21N4O6 [M + H]
+: 401.1456. Found: 401.1450.
4′-(2,3,4,6-Tetra-O-acetyl-α-D-mannopyranosyloxy)-3′-chlor-
obiphenyl-4-carbonitrile (19). Prepared according to the procedure
described for 13e from aryl iodide 1823 (79 mg, 0.135 mmol), 12g (22
mg, 0.15mmol), Pd(dppf)Cl2·CH2Cl2 (3.3 mg, 4 μmol), and K3PO4 (57
mg, 0.27mmol). Yield: 57mg (75%) as a white solid. [α]D
20 +77.7 (c 0.5,
CHCl3).
1H NMR (500 MHz, CDCl3): δ = 7.72 (d, J = 8.3 Hz, 2H, Ar−
H), 7.63 (m, 3H, Ar−H), 7.43 (dd, J = 2.2, 8.6 Hz, 1H, Ar−H), 7.27 (d, J
= 8.6 Hz, 1H, Ar−H), 5.64−5.59 (m, 2H, H-1, H-2), 5.54 (dd, J = 1.9,
3.2 Hz, 1H, H-3), 5.41 (t, J = 10.1 Hz, 1H, H-4), 4.28 (dd, J = 5.2, 12.3
Hz, 1H, H-6a), 4.17 (ddd, J = 2.1, 5.1, 10.0 Hz, 1H, H-5), 4.10 (dd, J =
2.2, 12.3 Hz, 1H, H-6b), 2.21 (s, 3H, COCH3), 2.12- 2.00 (m, 9H, 3
COCH3).
13C NMR (126 MHz, CDCl3): δ = 170.54, 170.08, 169.90,
169.84, (4C, CO) 151.67, 143.61, 135.29, 132.87, 129.41, 127.53,
126.60, 125.20, 118.79, 117.36, 111.47 (Ar−C, CN), 96.72 (C-1), 70.00
(C-5), 69.39 (C-3), 68.82 (C-2), 65.86 (C-4), 62.16 (C-6), 20.98, 20.81,
20.79, 20.78 (4 COCH3). ESI-MS m/z, calcd for C27H26ClNNaO10 [M
+ Na]+: 582.1. Found: 582.1.
3′-Chloro-4′-(α-D-mannopyranosyloxy)biphenyl-4-carboni-
trile (10j). Prepared according to the procedure described for 10e from
19 (36 mg, 0.06 mmol). Yield: 12 mg (48%) as a white solid. [α]D
20
+109.4 (c 0.23, MeOH). 1H NMR (500 MHz, CD3OD): δ = 7.80−7.72
(m, 5H, Ar−H), 7.59 (dd, J = 2.2, 8.6 Hz, 1H, Ar−H), 7.48 (d, J = 8.7Hz,
1H, Ar−H), 5.62 (d, J = 1.4 Hz, 1H, H-1), 4.12 (dd, J = 1.8, 3.3 Hz, 1H,
H-2), 4.00 (dd, J = 3.4, 9.5 Hz, 1H, H-3), 3.83−3.68 (m, 3H, H-4, H-6a,
H-6b), 3.63 (ddd, J = 2.3, 5.4, 9.6 Hz, 1H, H-5). 13C NMR (126 MHz,
CD3OD): δ = 153.65, 145.15, 135.42, 133.86, 129.82, 128.53, 127.87,
125.47, 119.70, 118.59 (Ar−C), 111.97 (CN), 100.66 (C-1), 76.05 (C-
5), 72.39 (C-3), 71.80 (C-2), 68.20 (C-4), 62.65 (C-6). IR (KBr), ν =
3400 (OH), 2227 (CN), 1606, 1487 (Ar−CC) cm−1. HRMSm/z,
calcd for C19H18ClNNaO6 [M + Na]
+: 414.0715. Found: 414.0721.
3 ′ - Ch l o r o -N - ( 3 ′ , 6 ′ - d i h yd ro xy - 3 - o xo - 3H - s p i r o -
[ i s o b e n z o f u r a n - 1 , 9 ′ - x a n t h e n ] - 5 - y l ) - 4 ′ - ( α - D -
mannopyranosyloxy)biphenyl-4-carboxamide (22). Compound
21 (10.0 mg, 0.024 mmol), ﬂuoresceinamine isomer I (12.7 mg, 0.037
mmol), and COMU (20.9 mg, 0.049 mmol) were dissolved in dry DMF
(1mL). ThenNEt3 (10 μL, 0.073mmol) was added and themixture was
stirred at rt for 7 h. 1 NHCl in DMFwas added until acid reaction on pH
paper and the mixture was concentrated. The residue was dissolved in
DCM/MeOH (3:1) and loaded onto a silica gel column. The complex
mixture of compounds was only partially resolved. The fractions
containing the product were collected, concentrated, and puriﬁed by
preparative HPLC (gradient H2O/MeCN, +0.2% HCO2H) to aﬀord
compound 22 (5 mg, 19%). [α]D
20 +21.1 (c 0.10, MeOH). 1H NMR
(500MHz, CD3OD): δ = 8.26 (d, J = 8.4Hz, 2H, Ar−H), 7.88−7.74 (m,
3H, Ar−H), 7.66 (dd, J = 2.2, 8.6 Hz, 1H, Ar−H), 7.51 (d, J = 8.7 Hz,
1H, Ar−H), 7.29 (dd, J = 1.9, 5.3 Hz, 2H, Ar−H), 7.19 (dd, J = 2.1, 8.3
Hz, 1H, Ar−H), 7.08−6.99 (m, 2H, Ar−H), 6.95 (d, J = 8.7 Hz, 1H, Ar−
H), 6.72 (dd, J = 5.5, 10.6, Hz, 2H, Ar−H), 6.61 (dd, J = 2.3, 8.7 Hz, 1H,
Ar−H), 5.65 (s, 1H, H-1), 4.15 (dd, J = 1.8, 3.2 Hz, H-2), 4.03 (dd, J =
3.4, 9.5, Hz, H-3), 3.87−3.72 (m, 3H, H-4, H-6a, H-6b), 3.65 (m, 1H, H-
5). 13C NMR (126 MHz, CD3OD): δ = 137.50, 136.01, 131.90, 130.24,
130.20, 129.87, 129.24, 128.03, 127.91, 125.79, 125.46, 124.73, 118.99,
118.76, 118.65 (Ar−C), 100.73 (C-1), 76.06 (C-5), 72.42 (C-3), 71.85
(C-2), 68.24 (C-4), 62.69 (C-2). ESI-MS m/z, calcd for C39H31ClNO12
[M + H]+: 740.2. Found: 740.2.
3′-Chloro-N-(2-(3-(3′ ,6′-dihydroxy-3-oxo-3H-spiro-
[isobenzofuran-1,9′-xanthen]-5-yl)thioureido)ethyl)-4′-(α-D-
mannopyranosyloxy)biphenyl-4-carboxamide (23). To a stirred
solution of compound 21 (25 mg, 0.061 mmol) in dry DMF (1 mL),
NHS (21 mg, 0.183 mmol) was added, followed by DIC (9.2 mg, 0.073
mmol). The mixture was stirred at rt for 2 h. Then N-Boc-
ethylendiamine (10.7 mg, 0.067 mmol) was added and the reaction
was stirred for 10 h. It was then cooled down to 0 °C, diluted with water,
and concentrated. Chromatography on silica gel (DCM/MeOH)
yielded 23 mg (0.042 mmol, 68%) of tert-butyl (3′-chloro-4′-(α-D-
mannopyranosyloxy)biphenyl-4-yl-carboxamido)ethyl)carbamate. This
product was dissolved in DCM (3 mL), and TFA (1 mL) was added.
The solid dissolved during addition of TFA. After 10 min the reaction
was complete. The mixture was evaporated, and excess TFA was
removed in high vacuum. The intermediate N-(2-aminoethyl)-3′-
chloro-4′-(α-D-mannopyranosyloxy)biphenyl-4-carboxamide TFA salt
(23 mg, 0.042 mmol, quant) was used directly in the next step. It was
dissolved in dry DMF (0.5 mL), and NEt3 (12.8 mg, 0.127 mmol) was
added. The mixture was cooled to 0 °C. Then FITC (14.8 mg, 0.038
mmol) was added and the mixture was stirred for 3 h in the dark. The
mixture was then coevaporated with water, taken up in MeOH/10% aq
acetic acid and evaporated. Chromatography on silica gel (DCM/
MeOH) yielded compound 23, contaminated with triethylammonium
acetate. The compound was then redissolved in MeOH, and 0.5 N HCl
in MeOH was added. The mixture was evaporated and chromato-
graphed on silica gel to yield pure 23 (15mg, 47%). [α]D
20 +12.1 (c 0.30,
MeOH). 1H NMR (500 MHz, CD3OD): δ = 8.12 (s, 1H), 7.92 (d, J =
8.3 Hz, 2H, Ar−H), 7.70 (dd, J = 5.0, 13.1 Hz, 2H, Ar−H), 7.64 (d, J =
8.3 Hz, 2H, Ar−H), 7.54 (dd, J = 2.2, 8.6 Hz, 1H, Ar−H), 7.46 (d, J = 8.7
Hz, 1H, Ar−H), 7.09 (d, J = 8.2 Hz, 1H, Ar−H), 6.74 (s, 2H), 6.69 (d, J
= 1.4Hz, 2H, Ar−H), 6.55 (d, J = 8.4Hz, 2H, Ar−H), 5.63 (d, J = 1.3Hz,
H-1), 4.15 (dd, J = 1.8, 3.1 Hz, H-2), 4.03 (dd, J = 3.4, 9.5 Hz, H-3), 3.94
(s, 2H, CH2), 3.86−3.64 (m, 6H, H-4, H-5, H-6, CH2). 13C NMR (126
MHz, CD3OD): δ = 153.21, 143.84, 136.41, 129.66, 129.18, 127.76,
127.70, 125.37, 118.64, 103.62 (Ar−C), 100.75 (C-1), 76.00 (C-5),
72.41 (C-3), 71.86 (C-2), 68.24 (C-4), 62.69 (C-6), 40.76 (CH2). ESI-
MS m/z, calcd for C42H37ClN3O12S [M + H]
+: 842.2. Found: 842.2.
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(24).Compound 21 (280 mg, 0.68 mmol) was dissolved in dry DMF (5
mL) under argon. ThenNHS (235mg, 2.04 mmol) was added, followed
by DIC (0.12 mL, 0.78 mmol) and the mixture was stirred at rt for 4 h.
Then Boc-PEG2-NH2 (186 mg, 0.75 mmol) was added, and the mixture
was stirred at rt under argon for 10 h. It was then slowly diluted with
water and concentrated. The residue was puriﬁed by chromatography on
silica gel (DCM/MeOH) to give tert-butyl (2-(2-(2-(3′-chloro-4′-(α-D-
mannopyranosyloxy)biphenyl-4-ylcarboxamido)ethoxy)ethoxy)ethyl)-
carbamate (300 mg, 0.468 mmol, 69%). Then the carbamate was
suspended in DCM (3 mL), and TFA (1 mL) was added dropwise at rt.
After 30 min, the solvents were evaporated and the crude mixture was
dissolved in CHCl3/MeOH (6:4, +0.5% conc NH4OH) and transferred
to a silica gel column, eluting with the same solvent mixture, to yield N-
(2 -(2 -(2 - aminoe thoxy)e thoxy)e thy l ) -3 ′ - ch lo ro -4 ′ - (α -D -
mannopyranosyloxy)biphenyl-4-carboxamide (228 mg, 90%). A
fraction of the amine (10 mg, 0.018 mmol) was dissolved in dry DMF
(0.5 mL) and cooled to 0 °C. FITC (6.5 mg, 0.017 mmol) was added,
and the mixture was stirred for 1 h. The mixture was concentrated and
the residue was puriﬁed by chromatography on silica (DCM/MeOH) to
yield 24 (10 mg, 65%). 1H NMR (500 MHz, CD3OD): δ = 8.21 (d, J =
1.4 Hz, 1H, Ar−H), 7.88 (d, J = 8.3 Hz, 2H, Ar−H), 7.68 (d, J = 2.2 Hz,
2H, Ar−H), 7.63 (d, J = 8.3 Hz, 2H, Ar−H), 7.53 (dd, J = 2.2, 8.6 Hz,
1H, Ar−H), 7.43 (d, J = 8.7 Hz, 1H, Ar−H), 7.09 (d, J = 8.2 Hz, 1H, Ar−
H), 6.68 (d, J = 2.3Hz, 2H, Ar−H), 6.65 (dd, J = 2.6, 8.6Hz, 2H, Ar−H),
6.53 (dd, J = 1.6, 8.7 Hz, 2H, Ar−H), 5.61 (d, J = 1.3 Hz, 1H, H-1), 4.14
(dd, J = 1.8, 3.2, Hz, 1H, H-2), 4.03 (dd, J = 3.4, 9.5 Hz, 1H, H-3), 3.93−
3.53 (m, 16H), 3.37 (s, 2H, NCH2), 1.30 (s, 2H, CH2).
13C NMR (126
MHz, CD3OD): δ = 170.01 (CO), 153.17, 143.72, 136.37, 134.37,
130.39, 129.69, 129.04, 127.78, 127.73, 125.35, 118.60, 103.60 (Ar−C),
100.72 (C-1), 75.97 (C-5), 72.41 (C-3), 71.86, 71.40, 70.59 (5C, C-2,
OCH2), 68.23 (C-4), 62.64 (C-6), 49.88, 45.49, 40.97 (CH2). ESI-MS
m/z, calcd for C46H45ClN3O14S [M + H]
+: 930.2. Found: 930.4.
Competitive Fluorescence Polarization Assay. Expression and
Puriﬁcation of CRD of FimH. A recombinant protein consisting of the
CRD of FimH linked to a 6His-tag via a thrombin cleavage site (FimH-
CRD-Th-His6) was expressed in E. coli strain HM125 and puriﬁed by
aﬃnity chromatography as previously described.43
KD Determination of FITC-Labeled Ligands. The functionalized
ligands (23, 24) were prepared as a 10 mM stock solution in pure
DMSO (Sigma-Aldrich, Buchs, Switzerland). All further dilutions of
compounds and FimH-CRD-Th-His6 protein were prepared in assay
buﬀer (20 mM HEPES, 150 mM NaCl, 50 μg/mL BSA, pH 7.4). BSA
was added to the assay buﬀer to prevent nonspeciﬁc binding of protein
to the plastic surface. Binding isotherms for the ﬂuorescent ligands were
obtained in direct binding studies by adding a constant concentration of
ligand (ﬁnal concentration 5 nM) and a linear dilution of protein (ﬁnal
concentration 0−100 nM) to a ﬁnal volume of 200 μL in 96-well, black,
ﬂat bottom NBS plates (Corning Inc., Corning, NY, USA). After
incubation of the plate for 24 h at rt with gentle shaking, the ﬂuorescence
polarization was measured with the Synergy H1 hybrid multimode
microplate reader (BioTek Instruments Inc., Winooski, VT, USA) with
polarized excitation at 485 nm and emission measured at 528 nm
through polarizing ﬁlters parallel and perpendicularly oriented to the
incident polarized light. KD values were determined by plotting the FP
readout as a function of the protein concentration and applying the
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where Sobs is the observed signal from the ligand, SF is the signal from
free ligand, SB is the signal from bound ligand, CP is the total
concentration of protein, and CL is the total concentration of ligand.
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KD Determination of FimH Antagonists. The ﬂuorescently labeled
ligand 23was used for the competitive ﬂuorescence polarization assay. A
linear dilution of nonlabeled FimH antagonist with ﬁnal concentrations
ranging from 0 to 10 μM was titrated into 96-well, black, ﬂat-bottom
NBS plates (Corning Inc.) to a ﬁnal volume of 200 μL containing a
constant concentration of protein (ﬁnal concentration 25 nM) and
FITC-labeled ligand which was ﬁxed at a higher concentration in
competitive binding assays than in direct binding experiments to obtain
higher ﬂuorescence intensities (ﬁnal concentration 20 nM). Prior to
measuring the ﬂuorescence polarization, the plates were incubated on a
shaker for 24 h at rt until the reaction reached equilibrium. The IC50
value was determined with Prism (GraphPad Software Inc., La Jolla, CA,
USA) by applying a standard four-parameter IC50 function. The
obtained IC50 values were converted into their corresponding KD values
using the derivation of the Cheng−Prusoﬀ equation.45 This variation of
the Cheng−Prusoﬀ equation is applied to competition assays with tight-
binding inhibitors and includes terms to correct for ligand depletion
eﬀects. However, the KD for antagonists having a higher aﬃnity toward
FimH than the labeled ligand could not be accurately determined.45
Isothermal Titration Calorimetry (ITC). All ITC experiments
were performed with the FimH-CRD-Th-His6 protein using a VP-ITC
instrument from MicroCal, Inc. (Malvern Instruments, Worcestershire,
U.K.) with a sample cell volume of 1.4523 mL. The measurements were
performed with 0−5% DMSO at 25 °C, a stirring speed of 307 rpm, and
10 μcal s−1 reference power. The protein samples were dialyzed in assay
buﬀer prior to all experiments. Because of the high protein consumption
of ITC, only the experiments for the reference compounds (1, 3, and
25) were measured in duplicates. Compounds 1, 3, 9, and 25 were
measured in a direct fashion by titration of ligand (100−2,000 μM) into
protein (8.6−55 μM) with injections of 3−8 μL at intervals of 10 min to
ensure nonoverlapping peaks. The quantity c = Mt(0) KD
−1, where
Mt(0) is the initial macromolecule concentration, is of importance in
titration microcalorimetry. The c-values of the direct titrations were
below 1000 and thus within the reliable range. For the compounds 10b−
e, 10g, and 10j additional competitive ITC experiments were performed
because of their high aﬃnity resulting in c-values above 1000 for direct
titrations. These ligands (600 μM) were titrated into protein (30 μM),
which was preincubated with compound 25 (300 μM) resulting in
sigmoidal titration curves. Because of slow reaction kinetics, titration
intervals of 20 min were used.
Baseline correction and peak integration were performed using the
Origin 7 software (OriginLab, Northampton, MA, USA). An initial 2 μL
injection was excluded from data analysis. Baseline subtraction and
curve-ﬁtting with the three variables N (concentration correction
factor), KD (dissociation constant), andΔH° (change in enthalpy) were
performed with the SEDPHAT software, version 10.40 (National
Institutes of Health).86 A global ﬁtting analysis was performed for the
competition titration (10b−e, 10g, or 10j competing for the protein
binding site with compound 25) and the direct titration of the
competitor (compound 25 binding to protein) to ﬁt for KD.ΔH° andN
were ﬁtted from direct titrations of 10b−e, 10g, or 10j into protein. For
the compounds 3, 9, and 25 binding to protein all variables could be
determined from a global analysis of the direct titration.
The thermodynamic parameters were calculated with the following
equation (eq 2):
Δ ° = Δ ° − Δ ° = = −G H T S RT K RT Kln lnD A (2)
whereΔG°,ΔH°, andΔS° are the changes in free energy, enthalpy, and
entropy of binding, respectively, T is the absolute temperature, and R is
the universal gas constant (8.314 J mol−1 K−1). The 95% conﬁdence
intervals of the measurements were calculated for the two variables KD
and ΔH° with the one-dimensional error surface projection within the
SEDPHAT software.
Calculation of the Free Energy of Desolvation. The three-
dimensional representation for each of the aglycons (4-methoxybi-
phenyl scaﬀold, Figure 8) was built in the Maestro87 modeling
environment, and the global minimum conformation was identiﬁed by
performing 500 iterations of the mixed torsional/low-mode conforma-
tional sampling in combination with the OPLS-2005 force-ﬁeld and the
implicit solvent model (water) as implemented in the Macromodel
Journal of Medicinal Chemistry Article
DOI: 10.1021/jm501524q





9.9.88 The global minimum structures were used as input for the
AMSOL 7.1 program89 to obtain the free energy of desolvation ΔGdes
(Table 5) with the SM5.4A solvation model90 and the AM191 level of
theory (used keywords “AM1 SM5.4A SOLVNT=WATER TRUES”).
Determination of the MAC90 by Flow Cytometry. The MAC90
was determined in principle as in the previously published ﬂow
cytometry assay79 but with some modiﬁcations. The human epithelial
bladder carcinoma cell line 5637 (DSMZ, Braunschweig, Germany) was
grown in RPMI 1640 medium, supplemented with 10% fetal calf serum
(FCS), 100 U/mL penicillin, and 100 μg/mL streptomycin at 37 °C, 5%
CO2. All solutions were purchased from Invitrogen (Basel, Switzerland).
The cells were subcultured 1:6 twice per week [using trypsin/EDTA
(Sigma-Aldrich) for the detachment]. Two days before infection, 1.8 ×
105 cells were seeded in each well of a 24-well plate in RPMI 1640
containing 10% FCS without antibiotics. The cell density was
approximately (3−5) × 105 cells/well at the assay day.
For infection, the GFP-expressing clinical E. coli isolate UTI8992
(UTI89 wt) and the GFP-expressing FimA-H knockout strain UTI89
Δf imA-Hwere used (strains were provided by Prof. Urs Jenal, Biocenter,
University of Basel, Switzerland).79 Bacteria were cultivated at 37 °C in
10 mL Luria−Bertani (LB) broth (Becton, Dickinson and Company)
overnight, harvested by centrifugation (3800 rpm, 10 min), and washed
three times in phosphate buﬀered saline (PBS, Sigma-Aldrich), and a
bacterial solution of OD600 of 0.75 in RPMI + 10% FCS was prepared.
For the determination of the MAC90 value, the IC90, linear dilutions of
the FimH antagonist were prepared in 5%DMSO and PBS. Bacteria and
antagonists were preincubated for 10 min at 37 °C, before cells were
infected with either only 200 μL of bacterial solution of UTI89 or UTI89
Δf imA-H (positive and negative controls), or 225 μL of the
preincubated bacteria−antagonist mixture. Infection lasted for 1.5 h.
During this time infected cells were incubated at 37 °C. Then, cells were
washed with PBS and detached from wells by the addition of 150 μL of
trypsin and incubation at 37 °C for 10 min, before ﬂushing from wells
PBS containing 2% FCS and transferred to tubes. To dilute the trypsin,
cells were centrifuged at 13 000 rpm, 1 min, 600 μL of the supernatant
was discarded, and the pellet was resuspended in the remaining 300 μL
of PBS containing 2% FCS. Samples were stored on ice until
measurement. Before analysis with the ﬂow cytometer (Becton
Dickinson, FACSCanto II), the samples were gently mixed and ﬁltered
using a 35 μm nylon mesh (Corning Life Sciences) to prevent cellular
aggregation. Cells were gated with linear scaling for side scatter (SSC)
and forward scatter (FSC) and GFP intensity of live cells was evaluated.
IC90 values were determined by plotting the concentration of the
antagonist in a logarithmic mode versus the mean ﬂuorescence intensity
(MFI) of living cells and by ﬁtting a dose−response curve (variable
slope, four parameters) with the Prism software (GraphPad Prism).
X-ray Analysis of the Antagonists 10e and 10j Cocrystallized
with FimH-CRD. FimH-CRD/10e Cocrystallization. Initial FimH-
CRD (18 mg/mL in 20 mM HEPES, pH 7.4) crystals were obtained in
complex with 4-(5-nitroindolin-1-yl)phenyl α-D-mannopyranoside (5
mM).23 Crystals were grown in sitting-drop vapor diﬀusion at 20 °C
with 200 nL of protein−antagonist mixture together with 200 nL of
precipitant solution in well D3 (0.2 M sodium phosphate monobasic
monohydrate, 20% w/v PEG 3,350) of the PEG/Ion HT screen
(Hampton Research, CA, USA). Cubic crystals appeared within 1 week,
which served as cross-seeding crystals. A solution of FimH-CRD (20
mg/mL) and 10e (5 mM) was mixed with 0.2 M sodium phosphate
monobasic monohydrate, 20% w/v PEG 400 with 0.5 μL of each
solution. Streak-seeding was performed after 1 day of incubation. Cubic
FimH-CRD/10e crystals formed within 24 h. Crystals were ﬂash cooled
to 100 K with perﬂuoropolyether cryo oil (Hampton Research, CA,
USA) as cryoprotectant. Data were collected with synchrotron radiation
(λ = 0.999 99 Å) at the PXIII beamline, Swiss Light Source, Switzerland.
FimH-CRD/10j Cocrystallization. Cocrystals were initially grown in
sitting-drop vapor diﬀusion at 20 °C with 0.5 μL of a mixture of FimH-
CRD (20 mg/mL) and 10j (5 mM) together with 0.5 μL of 0.1 M
HEPES, pH 7.5, 2M ammonium sulfate. Platelike crystals formed within
2 weeks and were used as seeds for subsequent crystallization.
Diﬀraction quality crystals were grown by streak-seeding in 0.5 μL of
FimH-CRD (10 mg/mL) with 10j (2.5 mM) and 0.5 μL of 0.1 M
HEPES, pH 7.5, 1.25 M ammonium sulfate. The drops were covered
with perﬂuoropolyether cryo oil prior to ﬂash cooling to 100 K. Data
were collected with synchrotron radiation (λ = 1.000 03 Å) at the PXIII
beamline, Swiss Light Source, Switzerland.
Structure Determination and Reﬁnement. Data were indexed and
integrated with the XDS package93 for the FimH-CRD/10e cocrystal
structure, and with mosﬂm94 for the FimH-CRD/10j cocrystal structure
(Table 6). Scaling was performed with XDS and SCALA included in the
CCP4 suite, respectively.95 Structures were solved by molecular
Figure 8. 4-Methoxybiphenyl scaﬀold of aglycons.














Table 6. Data Collection and Reﬁnement Statistics for FimH-
CRD/10e and FimH-CRD/10j Cocrystals
FimH-CRD/10e FimH-CRD/10j
PDB code 4CSS 4CST
space group P212121 P212121





a, b, c (Å) 48.38, 56.23, 61.59 48.84, 55.89, 61.00
α, β, γ (deg) 90, 90, 90 90, 90, 90
Data Collection
beamline Swiss Light Source PXIII Swiss Light Source PXIII
resolution range
(Å)a
30.0−1.07 (1.13−1.07) 23.5−1.10 (1.12−1.10)
unique
observationsa
72000 (9354) 66470 (2500)
average
multiplicitya
10.9 (3.7) 5.4 (2.4)
completeness (%) 96.1 (78.0) 97.2 (76.5)
Rmerge
a 0.056 (0.57) 0.051 (0.305)














aValues in parentheses are for highest-resolution shell.
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replacement with PHASER96 using the FimH-CRD-butyl α-D-
mannopyranoside complex (PDB code 1UWF) as search model. The
structures were iteratively built using the COOT software97 and reﬁned
with the PHENIX software.98 Geometric restraints for 10e and 10j were
generated with PRODRG.99 The models were validated using
molprobity.100 Residues 113−115 were not modeled in the 10e
structure because of disorder. Furthermore, the ligand was modeled in
two possible conformations. For both ligands, electron density is
reduced on the second aromatic ring because of ﬂexibility of the ligand.
Physicochemical and in Vitro Pharmacokinetic Studies.
Materials. Dimethyl sulfoxide (DMSO), 1-propanol, 1-octanol,
Dulbecco’s modiﬁed Eagle medium (DMEM)−high glucose, L-
glutamine solution, penicillin−streptomycin solution, Dulbecco’s
phosphate buﬀered saline (DPBS), trypsin−EDTA solution, magne-
sium chloride hexahydrate, and reduced nicotinamide adenine
dinucleotide phosphate (NADPH)were purchased from Sigma-Aldrich.
MEM nonessential amino acid (MEM-NEAA) solution, fetal bovine
serum (FBS), and DMEM without sodium pyruvate and phenol red
were bought from Invitrogen (Carlsbad, CA, USA). PRISMA HT
universal buﬀer, GIT-0 Lipid Solution, and Acceptor Sink Buﬀer were
ordered from pIon (Woburn, MA, USA). Human plasma was bought
from Biopredic (Rennes, France), and acetonitrile (MeCN) and
methanol (MeOH) were from Acros Organics (Geel, Belgium). Pooled
male rat liver microsomes were purchased from BD Bioscience
(Franklin Lakes, NJ, USA). Tris(hydroxymethyl)aminomethane
(TRIS) was obtained from AppliChem (Darmstadt, Germany). The
Caco-2 cells were kindly provided by Prof. G. Imanidis, FHNW,
Muttenz, and originated from the American Type Culture Collection
(Rockville, MD, USA).
pKa. The pKa values were determined as described elsewhere.
101 In
brief, the pH of a sample solution was gradually changed and the
chemical shift of protons adjacent to ionizable centers was monitored by
1H nuclear magnetic resonance (NMR) spectroscopy. The shift was
plotted against the pH of the respective sample, and the pKa was read out
from the inﬂection point of the resulting sigmoidal curve.
log D7.4. The in silico prediction tool ALOGPS
102 was used to
estimate log P values of the compounds. Depending on these values, the
compounds were classiﬁed into three categories: hydrophilic com-
pounds (log P below zero), moderately lipophilic compounds (log P
between zero and one), and lipophilic compounds (log P above one).
For each category, two diﬀerent ratios (volume of 1-octanol to volume
of buﬀer) were deﬁned as experimental parameters (Table 7).
Equal amounts of phosphate buﬀer (0.1 M, pH 7.4) and 1-octanol
were mixed and shaken vigorously for 5 min to saturate the phases. The
mixture was left until separation of the two phases occurred, and the
buﬀer was retrieved. Stock solutions of the test compounds were diluted
with buﬀer to a concentration of 1 μM. For each compound, six
determinations, that is, three determinations per 1-octanol/buﬀer ratio,
were performed in diﬀerent wells of a 96-well plate. The respective
volumes of buﬀer containing analyte (1 μM) were pipetted to the wells
and covered by saturated 1-octanol according to the chosen volume
ratio. The plate was sealed with aluminum foil, shaken (1350 rpm, 25 °C,
2 h) on a Heidolph Titramax 1000 plate-shaker (Heidolph Instruments
GmbH & Co. KG, Schwabach, Germany), and centrifuged (2000 rpm,
25 °C, 5 min, 5804 R Eppendorf centrifuge, Hamburg, Germany). The
aqueous phase was transferred to a 96-well plate for analysis by LC−MS.
The logD7.4 coeﬃcient was calculated from the 1-octanol/buﬀer ratio
(o/b), the initial concentration of the analyte in buﬀer (1 μM), and the













Aqueous Solubility. Solubility was determined in a 96-well format
using the μSOL Explorer solubility analyzer (pIon, version 3.4.0.5). For
each compound, measurements were performed at pH 3.0 and 7.4 in
triplicate. For this purpose, six wells of a deep well plate, that is, three
wells per pH value, were ﬁlled with 300 μL of PRISMA HT universal
buﬀer, adjusted to pH 3.0 or 7.4 by adding the requested amount of
NaOH (0.5 M). Aliquots (3 μL) of a compound stock solution (10−50
mM in DMSO) were added and thoroughly mixed. The ﬁnal sample
concentration was 0.1−0.5 mM, and the residual DMSO concentration
was 1.0% (v/v) in the buﬀer solutions. After 15 h, the solutions were
ﬁltered (0.2 μm 96-well ﬁlter plates) using a vacuum to collect manifold
(Whatman Ltd., Maidstone, U.K.) to remove the precipitates. Equal
amounts of ﬁltrate and 1-propanol were mixed and transferred to a 96-
well plate for UV/vis detection (190−500 nm, SpectraMax 190). The
amount of material dissolved was calculated by comparison with UV/vis
spectra obtained from reference samples, which were prepared by
dissolving compound stock solution in a 1:1 mixture of buﬀer and 1-
propanol (ﬁnal concentrations 0.017−0.083 mM).
Parallel Artiﬁcial Membrane Permeation Assay (PAMPA). Eﬀective
permeability (log Pe) was determined in a 96-well format with the
PAMPA.60 For each compound, measurements were performed at pH
5.0 and 7.4 in quadruplicates. Eight wells of a deep well plate, that is, four
wells per pH value, were ﬁlled with 650 μL of PRISMA HT universal
buﬀer adjusted to pH 5.0 or 7.4 by adding the requested amount of
NaOH (0.5 M). Samples (150 μL) were withdrawn from each well to
determine the blank spectra by UV/vis spectroscopy (190−500 nm,
SpectraMax 190). Then analyte dissolved in DMSO was added to the
remaining buﬀer to yield 50 μM solutions. To exclude precipitation, the
optical density was measured at 650 nm, with 0.01 being the threshold
value. Solutions exceeding this threshold were ﬁltered. Afterward,
samples (150 μL) were withdrawn to determine the reference spectra.
Further 200 μL was transferred to each well of the donor plate of the
PAMPA sandwich (pIon, P/N 110163). The ﬁlter membranes at the
bottom of the acceptor plate were infused with 5 μL of GIT-0 lipid
solution, and 200 μL of Acceptor Sink Buﬀer was ﬁlled into each
acceptor well. The sandwich was assembled, placed in the GutBox, and
left undisturbed for 16 h. Then it was disassembled and samples (150
μL) were transferred from each donor and acceptor well to UV plates for
determination of the UV/vis spectra. Eﬀective permeability (log Pe) was
calculated from the compound ﬂux deduced from the spectra, the ﬁlter
area, and the initial sample concentration in the donor well with the aid
of the PAMPA Explorer software (pIon, version 3.5).
Colorectal Adenocarcinoma (Caco-2) Cell Permeation Assay.
Caco-2 cells were cultivated in tissue culture ﬂasks (BD Biosciences)
with DMEM high glucose medium, containing L-glutamine (2 mM),
nonessential amino acids (0.1 mM), penicillin (100 U/mL),
streptomycin (100 μg/mL), and fetal bovine serum (10%). The cells
were kept at 37 °C in humidiﬁed air containing 5% CO2, and the
medium was changed every second day. When approximately 90%
conﬂuence was reached, the cells were split in a 1:10 ratio and
distributed to new tissue culture ﬂasks. At passage numbers between 60
and 65, they were seeded at a density of 5.3 × 105 cells per well to
Transwell six-well plates (Corning Inc.) with 2.5 mL of culture medium
in the basolateral and 1.8 mL in the apical compartment. The medium
was renewed on alternate days. Permeation experiments were
performed between days 19 and 21 after seeding. Prior to the
experiment, the integrity of the Caco-2 monolayers was evaluated by
measuring the transepithelial electrical resistance (TEER) with an
Endohm tissue resistance instrument (World Precision Instruments
Inc., Sarasota, FL, USA). Only wells with TEER values higher than 250
Ω cm2 were used. Experiments were performed in the apical-to-
basolateral (absorptive) and basolateral-to-apical (secretory) directions
in triplicate. Transport medium (DMEM without sodium pyruvate and
phenol red) was withdrawn from the donor compartments of three wells
and replaced by the same volume of compound stock solution (10 mM
in DMSO) to reach an initial sample concentration of 62.5 μM. The
Transwell plate was then shaken (600 rpm, 37 °C) on a Heidolph
Table 7. Compound Classiﬁcation Based on Estimated log P
Values
compd type log P ratio (1-octanol/buﬀer)
hydrophilic <0 30:140, 40:130
moderately lipophilic 0−1 70:110, 110:70
lipophilic >1 3:180, 4:180
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Titramax 1000 plate-shaker. Samples (40 μL) were withdrawn from the
donor and acceptor compartments 30 min after initiation of the
experiment, and the compound concentrations were determined by
LC−MS (see below). Apparent permeability (Papp) was calculated








where dQ/dt is the compound ﬂux (mol s−1), A is the surface area of the
monolayer (cm2), and c0 is the initial concentration in the donor
compartment (mol cm−3).60 After the experiment, TEER values were
assessed again for each well and results from wells with values below 250
Ω cm2 were discarded.
Plasma Protein Binding (PPB). PPB was determined in a 96-well
format using a high throughput dialysis block (HTD96b; HTDialysis
LCC, Gales Ferry, CT, USA). For each compound, measurements were
performed in triplicate. Dialysis membranes (MWCO 12-14 K;
HTDialysis LCC) were hydrated according to the instructions of the
manufacturer and placed into the dialysis block. Human plasma was
centrifuged (5800 rpm, 5 °C, 10 min), the pH of the supernatant
(without ﬂoating plasma lipids) was adjusted to 7.4 by adding the
requested amount of HCl (4 M), and analyte was added to yield a ﬁnal
concentration of 10 μM. Equal volumes (150 μL) of plasma containing
the analyte or TRIS-HCl buﬀer (0.1 M, pH 7.4) were transferred to the
compartments separated by the dialysis membrane. The block was
covered with a sealing ﬁlm and left undisturbed (5 h, 37 °C). Afterward,
samples (90 μL) were withdrawn from the buﬀer compartments and
diluted with plasma (10 μL). From the plasma compartments, samples
(10 μL) were withdrawn and diluted with TRIS-HCl buﬀer (90 μL).
The solutions were further diluted with ice-cooled MeCN (300 μL) to
precipitate the proteins and centrifuged (3600 rpm, 4 °C, 10 min). The
supernatants (50 μL) were retrieved, and the analyte concentrations
were determined by LC−MS (see below). The fraction bound ( f b) was






where cb is the concentration of the analyte withdrawn from the buﬀer
compartment before dilution and cp is the concentration in the plasma
compartment. The values were accepted if the recovery of analyte was
between 80% and 120% of the initial amount.
Cytochrome P450 Mediated Metabolism. Incubations consisted of
pooledmale rat liver microsomes (0.5 mgmicrosomal protein/mL), test
compound (2 μM), MgCl2 (2 mM), and NADPH (1 mM) in a total
volume of 300 μLTRIS-HCl buﬀer (0.1M, pH 7.4) and were performed
in a 96-well plate on a Thermomixer Comfort (Eppendorf).
Compounds and microsomes were preincubated (37 °C, 700 rpm, 10
min) before NADPH was added. Samples (50 μL) at t = 0 min and after
an incubation time of 5, 10, 20, and 30 min were quenched with 150 μL
of ice-cooled MeOH, centrifuged (3600 rpm, 4 °C, 10 min), and 80 μL
of supernatant was transferred to a 96-well plate for LC−MS analysis
(see below). The metabolic half-life (t1/2) was calculated from the slope
of the linear regression from the log percentage remaining compound
versus incubation time relationship. Control experiments without
NADPH were performed in parallel.
LC−MS Measurements. Analyses were performed using an 1100/
1200 series HPLC system coupled to a 6410 triple quadrupole mass
detector (Agilent Technologies, Inc., Santa Clara, CA, USA) equipped
with electrospray ionization. The system was controlled with the Agilent
MassHunter Workstation Data Acquisition software (version B.01.04).
The column used was an Atlantis T3 C18 column (2.1 mm × 50 mm)
with a 3 μmparticle size (Waters Corp., Milford, MA, USA). Themobile
phase consisted of eluent A (H2O containing 0.1% formic acid (for 10a−
f,h,i), or 10 mM ammonium acetate, pH 5.0 in 95:5, H2O/MeCN (for
10g,j)) and eluent B (MeCN containing 0.1% formic acid). The ﬂow
rate was maintained at 0.6 mL/min. The gradient was ramped from 95%
A/5% B to 5% A/95% B over 1 min and then held at 5% A/95% B for 0.1
min. The system was then brought back to 95% A/5% B, resulting in a
total duration of 4 min. MS parameters such as fragmentor voltage,
collision energy, polarity were optimized individually for each analyte,
and the molecular ion was followed for each compound in the multiple
reaction monitoring mode. The concentrations of the analytes were
quantiﬁed by the Agilent Mass Hunter Quantitative Analysis software
(version B.01.04).
In Vivo Studies. Animals. Female C3H/HeN mice weighing
between 19 and 25 g were obtained from Charles River Laboratories
(Sulzfeld, Germany) or Harlan (Venray, The Netherlands) and were
housed three or four per cage. The mice were kept under speciﬁc
pathogen-free conditions in the Animal House of the Department of
Biomedicine, University Hospital of Basel, and animal experimentation
guidelines according to the regulations of the Swiss veterinary law were
followed. After 7 days of acclimatization, 9- to 10-week-old mice were
used for the studies. Animals had free access to chow and water at any
time and were kept in a 12 h/12 h light/dark cycle. For administration
volumes and sampling the good practice guidelines were followed.103
Pharmacokinetic Studies. The single-dose studies for the ﬁrst
experiment set were performed by intravenous application of FimH
antagonists at a dosage of 50 mg/kg body weight, followed by plasma
and urine sampling. Antagonists were diluted in PBS (Sigma-Aldrich)
for injection into the tail vein. Blood and urine samples (10 μL) were
taken at 6 and 30 min and at 1, 2, 4, 6, and 8 h after injection. For the PK
studies with 10j, the antagonist was dissolved in PBS with 5% DMSO
(Sigma-Aldrich) and injected into the tail vain (0.625 mg/kg) or given
orally (1.25 mg/kg) using a gavage (syringes from BD Micro Fine, U-
100 Insuline, 30 G with BD Microlance 3, 25 G needles, Becton
Dickinson and Soft-Ject, 1 mL syringes from Henke Sass Wolf; gavage
from Fine Science Tools). Blood and urine were sampled (10 μL) after
7, 13, 20, 30, 45min and after 1, 1.5, 2, 2.5, 3, 4, 6, 8, and 24 h. Both blood
and urine samples were directly diluted after sampling with MeOH
(Acros Organics) to precipitate the proteins and centrifuged for 11 min
at 13 000 rpm. The supernatants were transferred to a 96-well plate
(Agilent Technologies, 0.5 mL, polypropylene), and the analyte
concentrations were determined by LC−MS (see above).
Infection Study. For all infection studies, the drinking water of the
mice was replaced by water containing 5% glucose (monohydrate from
AppliChem, BioChemica), 3 days before the start of the experiment. 10j
was dosed at 1.25 mg/kg (in 5% DMSO and PBS) and 10 mg/kg (in 5%
DMSO in PBS containing 1% Tween 80, all purchased from Sigma-
Aldrich) and applied orally via gavage to six and four mice, respectively,
as described in the section Pharmacokinetic Studies, 40 min prior to
infection. Ciproﬂoxacin (Ciproxin solution, 2 mg/mL, Bayer) was dosed
with 8 mg/kg, which would correspond to a human dose of 500 mg,81
subcutaneously 10 min prior to infection with UTI89 to 4 mice. The
values for the control group (PBS, po) resulted from the infection of 11
mice. Four mice were orally treated with the formulation vehicle for 10j
(5% DMSO in PBS containing 1% Tween 80) and termed controls
formulation. Before infection, remaining urine in the bladder was
expelled by gentle pressure on the abdomen. Mice were anesthetized in
2.5 vol % isoﬂurane/oxygen mixture (Attane, Minrad Inc., USA) and
placed on their back. Infection was performed transurethrally using a
polyethylene catheter (Intramedic polyethylene tubing, inner diameter
0.28 mm, outer diameter 0.61 mm, Becton Dickinson), on a syringe
(Hamilton Gastight Syringe 50 μL, removable 30G needle, BGB
Analytik AG, Switzerland). After gentle insertion of the catheter into the
bladder, 50 μL of bacterial suspension of UTI89 (5.5 × 109 to 2.25 ×
1010 CFU/mL) was slowly injected. This corresponded to approx-
imately 107−108 CFU per mouse. Mice were killed by CO2 3 h after
inoculation, and bladder and kidneys were aseptically removed. Organs
were homogenized in 1 mL of PBS using a tissue lyser (Retsch,
Germany). Serial dilutions of bladder and kidneys were plated on Levine
Eosin Methylene Blue Agar plates (Becton Dickinson), and CFUs were
counted after overnight incubation at 37 °C.
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ABSTRACT: The widespread occurrence of urinary tract infections has
resulted in frequent antibiotic treatment, contributing to the emergence of
antimicrobial resistance. Alternative approaches are therefore required. In the
initial step of colonization, FimH, a lectin located at the tip of bacterial type 1
pili, interacts with mannosylated glycoproteins on the urothelial mucosa. This
initial pathogen/host interaction is eﬃciently antagonized by biaryl α-D-
mannopyranosides. However, their poor physicochemical properties, primarily
resulting from low aqueous solubility, limit their suitability as oral treatment
option. Herein, we report the syntheses and pharmacokinetic evaluation of
phosphate prodrugs, which show an improved aqueous solubility of up to 140-
fold. In a Caco-2 cell model, supersaturated solutions of the active principle
were generated through hydrolysis of the phosphate esters by brush border-
associated enzymes, leading to a high concentration gradient across the cell
monolayer. As a result, the in vivo application of phosphate prodrugs led to a
substantially increased Cmax and prolonged availability of FimH antagonists in urine.
■ INTRODUCTION
Urinary tract infections (UTIs) are the most frequent cause of
bacteriosis in humans, aﬀecting millions of people worldwide.1
They remain one of the most common indications for
prescribing antibiotics to alleviate symptoms (dysuria, frequent
and urgent urination, bacteriuria, and pyuria) and to prevent
complications (pyelonephritis and urosepsis).2 However, the
frequent and repeated use of antibiotics can induce
antimicrobial resistance; therefore, alternative prevention and
treatment strategies are urgently needed.3
Uropathogenic Escherichia coli (UPEC) strains are the
causative agent of more than 70% of all UTI episodes.4,5 The
initial step in pathogenesis involves bacterial adherence to the
bladder cell surface, preventing UPEC from being cleared by
the bulk ﬂow of urine and enabling the bacteria to colonize the
urothelial cells.6 Among the diﬀerent adhesins expressed on the
bacterial surface, mannose-binding type 1 pili are the most
prevalent. They consist of a helical rod containing 500−3000
copies of the structural subunit FimA as well as one copy of the
FimF, FimG, and FimH subunits.7 The FimH subunit is
expressed at the distal tip of each pilus and exhibits the
carbohydrate recognition domain (CRD), which interacts with
the mannosylated glycoprotein uroplakin 1a on the mucosal
surface of the bladder.8
More than three decades ago, Sharon and co-workers
described various oligomannosides and aryl α-D-mannosides
as potential antagonists of FimH-mediated bacterial adhe-
sion.9,10 This led to subsequent reports on several monovalent
mannose-based FimH antagonists containing various aglycones,
such as n-alkyl,11 phenyl,12 dioxocyclobutenylaminophenyl,13
umbelliferyl,12 biphenyl,14−19 indol(in)ylphenyl,20 triazolyl,21 or
thiazolylamino.22 In addition, diﬀerent multivalent presenta-
tions of mannose derivatives have been explored.23−29 Most
importantly, it was recently shown that these α-D-mannopyr-
anosides did not elicit adverse side eﬀects caused by the
nonselective binding of FimH antagonists to various mamma-
lian mannose receptors.30
In vivo studies in a mouse disease model conﬁrmed the
therapeutic potential of biaryl mannosides for an oral treatment
of UTI.15−17,19 However, because only low oral bioavailability
could be achieved, basic determinants such as aqueous
solubility and membrane permeability should be further
optimized.31 One possible solution is oﬀered by a phosphate
prodrug approach, which is applied either when the active
principal exhibits high membrane permeability but suﬀers from
low aqueous solubility32 or when the therapeutic dose exceeds
the maximum amount of drug that can be dissolved into
intestinal ﬂuids.33 In a phosphate prodrug approach, the active
principle is rapidly released by endogenous phosphatases, such
as alkaline phosphatase, an enzyme particularly abundant on
the brush border of enterocytes.34
The application of this prodrug principle has led to various
marketed drugs, such as prednisolone phosphate (1),35 the
antiretroviral drug fosamprenavir (2),34,36 or the chemo-
therapeutic drug ﬂudarabine phosphate (Figure 1).37
The goal of the present study was to optimize the
physicochemical proﬁle of the biaryl mannosides 3−5 by
phosphorylation, enhancing aqueous solubility and, conse-
quently, the oral availability.
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■ RESULTS AND DISCUSSION
Although exhibiting nanomolar aﬃnity and high permeability,
one drawback of FimH antagonists 3−514,18−20 is their low
aqueous solubility, resulting in limited oral bioavailability. They
are therefore perfect candidates for a phosphate prodrug
approach. Table 1 summarizes their previously reported
binding aﬃnities (IC50)
14,18−20 as well as their physicochemical
properties (solubility, lipophilicity, and permeability).
For identifying the optimal position of the phosphate
promoiety on the mannoside core of FimH antagonists 3−5,
a series of phosphate esters was synthesized (Figure 2) and
their solubility determined. In the prodrugs 6a−d and 7a−d,
the phosphate ester bond was directly linked to the various
hydroxyl groups of the mannose moiety. Alternatively, an acetal
linker was used in prodrugs 6e and 8 to increase the distance
between the enzymatic cleavage site and thereby enhance
accessibility of the phosphate ester and subsequently the
dephosphorylation rate. When prodrugs 6e and 8 are
dephosphorylated, the intermediate hemiacetal is expected to
collapse, spontaneously releasing the active principle 3 or 5
accompanied by formaldehyde.45
Synthesis of Phosphates 6a−d. 2-Phosphate 6a of
biphenyl α-D-mannopyranoside (3) was synthesized according
to the procedure depicted in Scheme 1. Starting from 3,14,18 a
benzylidene acetal (→9) was formed to protect the 4- and 6-
OH of the mannose moiety. The 3-position was subsequently
protected by a regioselective dibutyltin oxide-mediated
benzylation (→10) and then phosphorylation using dibenzyl
N,N-diisopropyl-phosphoramidite in the presence of 1,2,4-
triazole, followed by oxidation with tert-butylhydroperoxide,
aﬀorded the protected intermediate 11. Global deprotection via
catalytic hydrogenation yielded 2-phosphate 6a.
For the synthesis of 3-phosphate 6b, the 3-position of 3 was
regioselectively benzylated (→12), followed by perbenzoyla-
tion to give 13 (Scheme 2). Cleavage of the benzyl group by
hydrogenation (→14) and subsequent phosphorylation
aﬀorded an inseparable 3:2-mixture of the protected 3- and
2-phosphates 15 and 16 due to partial migration of the 2-
benzoyl moiety. Upon deprotection via catalytic hydrogenation,
pure 3-phosphate 6b could be isolated.
For the synthesis of 4-phosphate 6c, 9 was benzoylated (→
17). Reductive opening of the benzylidene acetal with Me3N·
BH3 and AlCl3 aﬀorded precursor 18 (Scheme 3). Phosphor-
ylation (→19) and subsequent deprotection yielded 4-
phosphate 6c.
For the synthesis of 6-phosphate 6d, mannoside 3 was
tritylated in the 6-position, followed by perbenzoylation (→20)
and removal of the trityl group (Scheme 4). Then, intermediate
21 was phosphorylated (→22) and ﬁnal global deprotection
gave 6-phosphate 6d.
Synthesis of Phosphates 7a−d. Because of the labile
chloro- and cyano-substituents present in biphenyl α-D-
mannopyranoside 4,19 the 2-phosphate 7a was obtained via a
modiﬁed strategy (Scheme 5), omitting a potentially intractable
hydrogenation step. Therefore, after protecting the 4- and 6-
OH of 4 with a benzylidene acetal (→23), the 3-OH of the
mannose moiety was selectively benzoylated to aﬀord 24.46
Phosphorylation of the 2-OH group with bis[2-(trimethylsilyl)-
ethyl] N,N-diisopropylphosphoramidite in the presence of
1,2,4-triazole, and subsequent oxidation with tert-butylhydro-
Figure 1. Phosphate prodrugs of marketed drugs.
Table 1. Binding Aﬃnities and Physicochemical Properties of the Biaryl α-D-Mannopyranosides 3−5f
aIC50 values were determined in a cell-free competitive binding assay.
38 bThermodynamic solubility for compounds 5; kinetic solubility for
compound 3 and 4.39 cOctanol−water partition coeﬃcients (log P) were determined by a miniaturized shake-ﬂask procedure.40 dPe = eﬀective
permeability: passive permeation through an artiﬁcial membrane was determined by the parallel artiﬁcial membrane permeability assay
(PAMPA).41,42 ePapp = apparent permeability: permeation through a Caco-2 cell monolayer was assessed in the absorptive (a→ b) and secretory (b
→ a) directions in triplicate.43,44 fIC50 values, aqueous solubility, log P, PAMPA, and Caco-2 cell data were adopted from refs 18−20. The IC50 of
antagonist 4 and Caco-2 Papp values of antagonist 5 were obtained according to the procedure described in ref 18.
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peroxide, yielded intermediate 25. After cleavage of the
(trimethylsilyl)ethyl esters with TFA (→26) and subsequent
ester hydrolysis upon treatment with NH3/MeOH, 2-
phosphate 7a was obtained.
Regioselective 3-allylation of 4 (→27) followed by
benzoylation of the 2-, 4-, and 6-OH gave 28 (Scheme 6).
Subsequent cleavage of the allyl group with PdCl2 (→29) and
phosphorylation aﬀorded intermediate 30 and ﬁnal depro-
tection 3-phosphate 7b.
4-Phosphate 7c was synthesized in three steps via
regioselective dibutyltin oxide-mediated acetylation of 4 in
the 2-, 3-, and 6-position47 (→31), phosphorylation of the 4-
OH (→32), and subsequent cleavage of all protecting groups
(Scheme 7).
For the synthesis of 6-phosphate 7d, a similar protection
strategy as for 6d was used (Scheme 8). The parent compound
4 was tritylated in the 6-position (→33), followed by
perbenzoylation (→34) and removal of the trityl group.
Phosphorylation of intermediate 35 (→36) and ﬁnal global
deprotection aﬀorded 6-phosphate 7d.
Synthesis of Acetal-Linked Phosphates 6e and 8.
Synthesis of the acetal-linked phosphate 6e of biphenyl α-D-
mannopyranoside (3) was achieved by ﬁrst introducing a 6-O-
(thiomethyl)methyl group on intermediate 21 with DMSO−
acetic anhydride under acidic conditions (→37, Scheme 9).
Subsequent treatment with phosphoric acid and N-iodosucci-
nimide gave phosphate 38. Finally, debenzoylation with NH3/
MeOH provided the target compound 6e.
The acetal-linked phosphate 8 was prepared analogously
from indolinylphenyl α-D-mannopyranoside 520 (Scheme 10).
Selective TBS-protection of the 6-OH, followed by per-
benzoylation (→39), and cleavage of the silyl ether yielded
precursor 40. After the introduction of a 6-O-(thiomethyl)-
methyl group with DMSO−acetic anhydride (→41), treatment
with phosphoric acid and N-iodosuccinimide (→42) and
debenzoylation, test compound 8 was obtained.
Solubility. The thermodynamic solubility of the phosphate
prodrugs was determined in phosphate buﬀer (50 mM, pH
6.5). The expected improvement of aqueous solubility, which
exceeds those of the active principles 3−5 by several orders of
magnitude (Table 2), could be conﬁrmed.
ALP-Mediated Hydrolysis. ALP-mediated hydrolysis of
the various phosphate esters was studied in Caco-2 cells, which
express phosphatase on the apical brush border surface of the
conﬂuent cell monolayer.48 The experimental half-life (t1/2) was
calculated from the concentration of remaining prodrug vs
incubation time (Table 2).
Depending on the position of the promoiety, the prodrugs
showed varying propensity to dephosphorylation (Figure 3).
The 2- and 3-phosphate esters (6a, 6b, 7a, and 7b) were rapidly
hydrolyzed (t1/2 < 15 min), whereas the 4- and 6-phosphate
esters (6c, 6d, 7c, and 7d) showed prolonged half-lives (t1/2 >
40 min). Improved stability of the latter likely results from
reduced access to the ester bonds at C4 and C6 because of
steric hindrance.45,49,50 Therefore, with the introduction of a
linker (→6e, 8), accessibility can be improved and the
susceptibility to ALP-mediated cleavage was markedly increased
(t1/2 = 8.7 and 11 min, respectively).
Owing to their high propensity to ALP-mediated hydrolysis,
the phosphate esters 6a, 6b, 7a, 7b, and 8 were almost entirely
converted to parent drug within 60 min (Figure 3). For
example, Figure 4 depicts the concentration of prodrug 7b 60
min after application to either the apical or the basolateral side
of the Caco-2 system. When applied to the apical chamber, the
prodrug was almost quantitatively hydrolyzed. However, when
applied to the basal chamber, the prodrug remained the
prominent species detected, due to the lack of ALP on the basal
Figure 2. Phosphate monoesters 6a−e of biphenyl α-D-mannopyranoside 3, 7a−d of substituted biphenyl α-D-mannopyranoside 4 and 8 from
indolinylphenyl α-D-mannopyranoside 5.
Scheme 1a
a(a) PhCH(OMe)2, p-TsOH, DMF, 50 °C, overnight (70%); (b) (i)
Bu2SnO, toluene, 135 °C, 3 h, (ii) BnBr, toluene, 115 °C, overnight
(80%); (c) dibenzyl N,N-diisopropylphosphoramidite, 1,2,4-triazole,
MeCN, 0 °C to rt, overnight; then 70% aq tert-BuOOH, rt, 1 h (62%);
(d) (i) H2 (4 bar), Pd(OH)2/C, EtOAc, cat. HOAc, overnight, (ii)
25% aq NH3/MeOH (4:1), rt, overnight (45%).
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Caco-2 cell membrane.48 In addition, irrespective of dosing on
the apical or basal side, the prodrug could not be detected in
the receiver compartment, which corroborates the poor
membrane permeability of the polar phosphate ester (Figure
4).
Stability in Biorelevant Media. Because chemical stability
at various pH conditions and stability for degradation by
digestive enzymes (simulated gastric and intestinal ﬂuids,51,52
for composition, see Table S1 in Supporting Information)
turned out to be high (>80% after 2 h; Figure 5), the phosphate
prodrugs 7a, 7c, and 7d appear optimally suited to mitigate the
solubility problem.
Oral Bioavailability. For oral administration of a
phosphate prodrug several absorption rate-limiting factors
need to be considered. In addition to unsuitably slow ALP-
mediated hydrolysis of the phosphate prodrug, low solubility,
poor permeability, and eﬄux of the active principle can also
limit oral absorption.
In Vitro Pharmacokinetic Evaluation. To further examine
the beneﬁts associated with improved solubility obtained upon
phosphorylation of the active principle, the most labile
phosphate prodrugs, 6e, 7b, and 8 (t1/2 ≤ 12 min, Table 2),
were applied to the apical chambers of the Caco-2 system, and
the accumulation of active principles 3, 4, and 5 on the basal
side of the cell monolayer was monitored (Figure 6a−c).
Applying either the active principle or the respective prodrug at
equal concentrations (62.5 μM) to the apical chamber resulted
in similar basolateral concentrations of the active principle, i.e.,
the hydrolysis is not the rate limiting step. When higher apical
doses of the phosphate prodrugs were applied, the basolateral
concentrations were markedly increased (Figure 6a−c).
Once a prodrug has been hydrolyzed in vivo, physicochem-
ical properties of the active principle (i.e., solubility and
Scheme 2a
a(a) (i) Bu2SnO, MeOH, reﬂux, 5 h, (ii) BnBr, toluene, 115 °C, overnight (36%); (b) BzCl, cat. DMAP, pyr, rt, overnight (99%); (c) H2 (4 bar),
Pd(OH)2/C, dioxane/EtOAc, cat. AcOH, rt, overnight (73%); (d) dibenzyl N,N-diisopropylphosphoramidite (90%), 1,2,4-triazole, MeCN, 0 °C to
rt, overnight, then 70% aq tert-BuOOH, rt, 1 h (80%, 3:2 mixture of 2-and 3-phosphate derivatives); (e) (i) H2 (1 bar), Pd(OH)2/C, EtOAc, 5 h, (ii)
25% aq NH3/MeOH (4:1), rt, overnight (7%).
Scheme 3a
a(a) BzCl, cat. DMAP, pyr, rt, overnight (60%); (b) Me3N·BH3, AlCl3, THF/H2O, rt, 1 h (67%); (c) dibenzyl N,N-diisopropylphosphoramidite
(90%), 1,2,4-triazole, MeCN, 0 °C to rt, overnight, then 70% aq tert-BuOOH, 1 h (53%); (d) H2, Pd(OH)2/C, EtOH/EtOAc, 5 h, quant; (e) 25%
aq NH3/MeOH (4:1), rt, overnight (56%).
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permeability) became the rate-limiting steps for absorption.
When after rapid hydrolysis (t1/2 < 15 min, Table 2) the active
principle precipitated due to low solubility, the available
amount for absorption was reduced. Although the active
principles 3 and 5 show similar solubilities (Table 1), diﬀerent
basolateral concentrations were observed (Figure 6a,c). In
contrast, the basolateral concentrations of compound 3 were
similar or higher compared to those of compound 4 (Figure
6a,b) even though compound 4 has an 8-fold higher solubility
(Table 1). On the basis of permeability data derived from
PAMPA,39 high passive permeability was predicted for all three
antagonists (log Pe < −5.7 cm/s, Table 1).42 However, for the
antagonists 4 and 5, eﬄux ratios (b−a/a−b) > 2 (Table 1) in
bidirectional Caco-2 experiments were observed, indicating the
involvement of an eﬄux transporter (e.g., P-gp).44 Because of
the high apical concentrations reached from fast ALP-mediated
hydrolysis of prodrugs 7b and 8, saturation of the transporter
mediated eﬄux occurred, leading to increased basolateral
concentrations of 4 and 5 (Figure 6b,c). In contrast, 3
exhibited an eﬄux ratio <2 (Table 1), i.e., the basolateral
concentration rose proportionally to the amount of applied
prodrug and did not display saturation kinetics (Figure 6a).53
In Vivo Pharmacokinetic Studies. In the mouse PK model,
an increased intestinal uptake was anticipated for the prodrug
7c due to its increased solubility and slower hydrolysis rate. The
prodrugs 7b, 7c, and 8 were administered per os at a dose of 10
mg/kg but could not be detected in plasma or urine samples.
The oral bioavailability of active principle 4 upon administering
Scheme 4a
a(a) (i) TrCl, cat. DMAP, pyr, 80 °C, overnight, (ii) BzCl, 50 °C, overnight (88%); (b) FeCl3/H2O, DCM, rt, 5 h (62%); (c) dibenzyl N,N-
diisopropylphosphoramidite (90%), 1,2,4-triazole, MeCN, 0 °C to rt, overnight, then 70% aq tert-BuOOH, rt, 1 h (66%); (d) (i) H2, Pd(OH)2/C,
EtOH/EtOAc, overnight, (ii) 25% aq NH3/MeOH (4:1), rt, overnight (55%).
Scheme 5a
a(a) PhCH(OMe)2, p-TsOH, rt, 17 h (22%); (b) BzCl, DCM/pyr, 0 °C to rt, 3 h (60%); (c) bis[2-(trimethylsilyl)ethyl] N,N-
diisopropylphosphoramidite, 1,2,4-triazole, MeCN, 0 °C to rt, 16 h, then 70% aq tert-BuOOH, rt, 1 h (55%); (d) TFA/DCM (1:4), rt, 2 h
(61%); (e) 25% aq NH3/MeOH (4:1), rt, 16 h (71%).
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prodrug 7b and 7c and of active principle 5 upon
administration of prodrug 8 are illustrated in Figure 7. Table
3 summarizes the pharmacokinetic parameters (Cmax, Tmax, and
urine AUC0−24) of the diﬀerent po applications.
Given the almost identical propensity to ALP-mediated
hydrolysis of 7b and 8, the diﬀerent urine proﬁles must be
related to physicochemical properties of their active principles 4
and 5. Indeed, antagonist 5, besides having an 8-times lower
solubility and therefore a higher propensity to precipitate after
release in the small intestines, also permeates biological
membranes less easily (shown in the PAMPA results, Table
1). In fact, urine AUC0−24 and Cmax of 5 were similar to the
pharmacokinetic parameters of 4 when applied at a dose of 1.25
mg/kg (Table 3).
Because prodrugs 7b and 8 are rapidly hydrolyzed in vitro,
we also assessed the impact of slower ALP-mediated
bioactivation and availability of the related active principle in
urine. For this purpose, we administered prodrug 7c (in vitro
t1/2 of 43 min, Table 2) at a dose of 10 mg/kg (Figure 7). After
applying 7c, compound 4 reached Cmax (57 μg/mL, Table 3)
after only 26 min, as compared to 40.7 μg/mL at 54 min for 7b;
it then remained at elevated levels for the next 3 h. Within the
observation period of 3−24 h postadministration, urine levels
of the two prodrugs dropped steadily. However, at 6 h, the
concentration of active principle 4 originating from prodrug 7c
was approximately three times higher than the one reached
with 7b, resulting in a 2-fold increased urine AUC0−24 of 7c.
The lower concentration of active principle 4 upon po
application of 7b as compared to 7c can be rationalized by
several pharmacokinetic eﬀects. First, the fast dephosphor-
ylation of 7b leads to a local accumulation of 4 at the brush
border in the small intestine. Because of insuﬃcient solubility,
the active principle 4 could suﬀer from precipitation. Because of
the slower cleavage of the promoiety in prodrug 7c, the
Scheme 6a
a(a) (i) Bu2SnO, toluene, 80 °C, 6 h, (ii) AllBr, Bu4NI, toluene, 80 °C, 20 h (55%); (b) BzCl, cat. DMAP, pyr, rt, overnight (87%); (c) PdCl2,
MeOH, 40 °C, 5 h (84%); (d) (i) bis[2-(trimethylsilyl)ethyl] N,N-diisopropylphosphoramidite, 1,2,4-triazole, MeCN, 0 °C to rt, 15 h, then 70% aq
tert-BuOOH, rt, 2 h (32%); (e) (i) TFA/DCM (1:4), rt, 1.5 h, (ii) 25% aq NH3/MeOH (4:1), rt, overnight (45%).
Scheme 7a
a(a) (i) Bu2SnO, MeOH, 70 °C, 2 h, (ii) Ac2O, MeCN, rt, 16 h (21%); (b) (i) bis-[2-(trimethylsilyl)ethyl] N,N-diisopropylphosphoramidite, 1,2,4-
triazole, MeCN, 0 °C to rt, 15 h, then 70% aq tert-BuOOH, rt, 2 h (62%); (c) (i) TFA/DCM (1:4), rt, 2 h; (ii) 25% aq NH3/MeOH (4:1), rt, 2 h
(98%).
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solubility limit of 4 takes longer to reach, enabling an improved
absorption of the active principle. Moreover, although high
concentrations of 4 saturate P-gp, its eﬄux activity still
contributes to accumulated concentrations of 4 and con-
sequently to precipitation and intestinal elimination. A slower
prodrug hydrolysis apparently optimizes the timely interplay
between parent drug uptake and P-gp-mediated eﬄux, leading
to higher net absorption and urine concentrations.
Next, we addressed the question of whether increased
solubility indeed leads to higher availability of active principle in
the urine. Therefore, urine concentration proﬁles upon po
application of 1.25 mg/kg (based on maximal solubility) or 7.7
mg/kg of 4 (applied as a suspension corresponding to 10 mg/
kg of prodrug) were determined (Figure 7).
Oral application of the suspension of 4 resulted in a urine
AUC0−24 of 106.8 μg × h/mL (Cmax of 23.6 μg/mL, Table 3) as
compared to a urine AUC0−24 of 226.4 μg × h/mL (Cmax of 57
μg/mL, Table 3), achieved with the corresponding prodrug 7c,
demonstrating the beneﬁcial eﬀect of increased solubility on
intestinal uptake. In addition, the application of 4 at two doses
(1.25 and 7.7 mg/kg; 6.16 times greater) resulted in parallel
curves with a similar Tmax and an approximate diﬀerence in
urine AUC0−24 of a factor of 5 and Cmax of a factor of 6 (Table
3). This is a useful observation for future dose-ﬁnding in
patients.
■ SUMMARY AND CONCLUSIONS
For the successful oral application of a phosphate prodrug of an
active principle that displays moderate to high membrane
permeability but insuﬃcient solubility, several prerequisites
need to be fulﬁlled. Obviously, the solubility of the prodrug
should allow dissolving of the required dose (e.g., in our case 10
mg/kg). Second, because phosphate prodrugs are too polar to
permeate the enterocyte layer, an eﬃcient release of the active
principle is required. Finally, slow enzymatic hydrolysis is
preferred to avoid precipitation of the poorly soluble active
principle.
We have demonstrated the advantages of the phosphate
prodrug approach as applied to FimH antagonists with an
insuﬃcient solubility but high passive permeability. An increase
in solubility of up to 140-fold could be reached upon
phosphorylation of the active principle. Furthermore, either
fast or slow hydrolysis was observed, depending on the position
of the phosphate promoiety on the mannose ring. When the
phosphate ester bond was directly linked at the C2- or C3-
position of mannose (→ 6a, 6b, 7a, 7b) or when an acetal
linker at C6- was used (→ 6e and 8), enzymatic cleavage was
fast (t1/2 < 15 min). In contrast, a phosphate at the C4- or C6-
position (→ 6c, 6d, 7c, and 7d) showed an enhanced
enzymatic stability (t1/2 > 40 min).
Interestingly, even when the rates of hydrolysis were similar,
e.g., for prodrugs 7b and 8, diﬀerent physicochemical properties
(solubility and permeability) of their active principles
inﬂuenced the in vivo PK properties. For antagonist 5, which
Scheme 8a
a(a) TrCl, cat. DMAP, pyr, 80 °C, 16 h (80%); (b) BzCl, cat. DMAP, pyr, rt, 6 h (79%); (c) FeCl3, H2O, rt, 5 h (85%); (d) (i) bis-[2-
(trimethylsilyl)ethyl] N,N-diisopropylphosphoramidite, 1,2,4-triazole, MeCN, 0 °C to rt, 15 h, then 70% aq tert-BuOOH, rt, 1.5h (59%); (e) (i)
TFA/DCM (1:4), rt, 2 h, (ii) 25% aq NH3/MeOH (4:1), rt, overnight (68%).
Scheme 9a
a(a) DMSO, Ac2O/AcOH, rt, overnight (35%); (b) H3PO4, NIS,
THF, 0 °C to rt, 1 h (58%); (c) 25% aq NH3/MeOH (4:1), rt,
overnight (50%).
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has an 8-fold lower solubility as compared to 4, the risk of
precipitation from a supersaturated solution in the small
intestines needs to be taken into account.
Furthermore, a high concentration gradient across the Caco-
2 cell monolayer, as was reached with the more soluble
phosphate prodrugs, promotes absorptive ﬂux of the active
principles 3, 4, and 5 and apparently saturates the eﬄux carrier
activity of 4 and 5. This observation was conﬁrmed in an in vivo
PK study in mice, where urine AUC0−24 of the active principle 4
could be doubled when prodrug 7c was applied instead of
active principle 4. Moreover, in vivo administration of slowly
hydrolyzed prodrug 7c (t1/2 < 40 min) exhibited an increase in
urine AUC0−24 as compared to a phosphate prodrug with fast
enzymatic cleavage (7b, t1/2 < 15 min). Slower conversion to
the active principle prolonged intestinal uptake and renal
excretion by improving the interplay between solubility, drug
uptake, and saturation of P-gp mediated eﬄux.
■ EXPERIMENTAL SECTION
Synthesis. General Methods. NMR spectra were recorded on a
Bruker Avance DMX-500 (500.1 MHz) spectrometer. Assignment of
1H and 13C NMR spectra was achieved using 2D methods (COSY,
HSQC). Chemical shifts are expressed in ppm using residual CHCl3 or
MeOH as references. Optical rotations were measured with a
PerkinElmer polarimeter 341. Electrospray ionization mass spectrom-
etry (ESI-MS) data were obtained on a Waters Micromass ZQ
instrument. Microwave-assisted reactions were carried out with a CEM
Discover and Explorer. Reactions were monitored by TLC using glass
plates coated with silica gel 60 F254 (Merck) and visualized by UV
light and/or by charring with a molybdate solution (0.02 M solution of
ammonium cerium sulfate dihydrate and ammonium molybdate
tetrahydrate in aqueous 10% H2SO4). Medium pressure chromatog-
raphy (MPLC) separations were carried out on a CombiFlash
Companion or Rf from Teledyne Isco equipped with RediSep normal-
phase or RP-18 reversed-phase ﬂash columns. Commercially available
reagents were purchased from Fluka, Aldrich, or Alfa Aesar
(Germany). Solvents were purchased from Sigma-Aldrich (Buchs,
Switzerland) or Acros Organics (Geel, Belgium) and were dried prior
to use where indicated. MeOH was dried by reﬂux with sodium
methoxide and distilled and stored under argon atmosphere.
Dichloromethane (DCM) and acetonitrile (MeCN) were dried by
ﬁltration over Al2O3 (Fluka, type 5016 A basic) and stored over
molecular sieves under argon. Molecular sieves (4 Å) were activated in
vacuo at 300 °C for 0.5 h before use.
Compound Purity. Each test compound was puriﬁed by
chromatography on silica (DCM/MeOH) or reversed-phase chroma-
tography (RP-18, H2O/MeOH) prior to HPLC, HRMS, NMR, and
Scheme 10a
a(a) (i) TBSCl, cat. DMAP, pyr, rt, overnight, (ii) BzCl, rt, 2 h, (quant); (b) 1 M H2SO4/MeOH, rt, 1.5 h (73%); (c) DMSO/Ac2O/HOAc, rt,
overnight (74%); (d) H3PO4/NIS/THF, 0 °C to rt, 1 h (67%); (e) 25% aq NH3/MeOH/DCM, rt, overnight (41%).
Table 2. Aqueous Solubility and Caco-2 Phosphatase-
Mediated Hydrolysis (t1/2) of Prodrugs 6a−e, 7a−d, 8, and
Their Active Principles 3−5, Respectively
compd solubility [μg/mL] t1/2 [min]
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activity testing. The purity of all test compounds was determined by
NMR and HPLC [method A: Beckman Coulter Gold, consisting of
pump 126, DAD 168 (190−410 nm) and autosampler 508; column,
Waters Atlantis T3, 3 μm, 2.1 mm × 100 mm; A, H2O + 0.1% TFA; B,
MeCN + 0.1% TFA; gradient, 5% B for 0.5 min, 5% B → 70% B over
19.5 min; ﬂow rate, 0.5 mL/min. Method B: Agilent 1100/1200 with
UV detection (190−410 nm); column, Waters Atlantis T3, 3 μm, 2.1
mm × 100 mm; A, H2O + 0.01% TFA; B, MeCN + 0.01% TFA;
gradient, 5% B for 1 min, 5% B → 95% B over 19 min; ﬂow rate, 0.5
mL/min. Detection: 254 nm.] to be ≥95% (for 1H NMR spectra and
HPLC traces, see Supporting Information).
General Procedure for Phosphorylation. To an ice-cooled solution
(0 °C) of protected mannoside (1 equiv) and 1,2,4-triazole (4 equiv)
in dry MeCN was added dibenzyl N,N-diisopropylphosphoramidite or
bis[2-(trimethylsilyl)ethyl] N,N-diisopropylphosphoramidite (2
equiv), and the mixture was stirred for 30 min at 0 °C and then
overnight at rt. Then, 70% aq tert-butylhydroperoxide (4 equiv) was
added and the solution was stirred for 1 h. The reaction was quenched
with 1 M aq Na2S2O3 and 1 M aq NaHCO3, and the mixture was
extracted twice with DCM. The combined organic layers were dried
over Na2SO4, ﬁltered, and the solvents removed in vacuo. The residue
was puriﬁed by MPLC on silica gel (petroleum ether/EtOAc) to yield
the phosphorylated compounds.
Biphenyl 2-O-Phosphoryl-α-D-mannopyranoside Diammonium
Salt (6a). Hydrogenolysis of compound 11 (100 mg, 0.129 mmol) was
conducted in a Parr shaker with 10% Pd(OH)2/C (12 mg) and a
catalytic amount of HOAc in EtOAc (6.0 mL) under hydrogen (4 bar)
at rt overnight. Then, the reaction suspension was ﬁltered through
Celite and the ﬁltrate was concentrated in vacuo. The residue was
stirred in 25% aq NH3 (4 mL) and MeOH (1 mL) overnight. Then,
the solvents were removed under reduced pressure, and the residue
was puriﬁed by MPLC on silica (DCM/MeOH/H2O, 6:4:0.6) to give
6a (26.0 mg, 45%) as a white solid; [α]D
20 + 66.7 (c 0.12, H2O).
1H
NMR (D2O, 500 MHz): δ = 3.77−3.82 (m, 3H, H-5, H-6), 3.87 (t, J =
10.0 Hz, 1H, H-4), 4.14 (ddd, J = 2.0, 3.0, 10.0 Hz, 1H, H-3), 4.62
(ddd, J = 2.0, 3.0, 8.5 Hz, 1H, H-2), 5.89 (d, J = 1.5 Hz, 1H, H-1), 7.31
Figure 3. Decomposition of phosphomonoester prodrugs 6a−d and 7a−d and phosphonooxymethyl ether prodrugs 6e and 8 in the apical
compartment of the Caco-2 cell assay: (a) 6a−e, 8; (b) 7a−d. Prodrugs dissolved in Dulbecco’s Modiﬁed Eagle’s Medium (62.5 μM) were applied to
the apical chamber and the concentrations of unchanged prodrug were monitored by LC-MS.
Figure 4. Conversion of prodrug 7b to the active principle 4 in a
Caco-2 cell monolayer model after 60 min of incubation. A prodrug
solution (62.5 μM) was applied either into the apical or basal chamber.
Columns represent the percentage concentrations of prodrug and
active principle 60 min after initiation of the experiment.
Concentration of prodrug 7b determined at time point t = 0 min is
deﬁned as 100%.
Figure 5. Stability of the phosphate prodrugs 7a (black column), 7c (gray column), and 7d (white column) in biorelevant media. Percentage of the
remaining compound concentration relative to the initial concentration (t = 0 min) after 120 min of incubation in (a) simulated gastric ﬂuids
(FaSSGF, fasted-state simulated gastric ﬂuid; FeSSGF, fed-state simulated gastric ﬂuid; sGF, simulated gastric ﬂuid; buﬀer sGF, prepared equally to
sGF but without pepsin) and (b) simulated intestinal ﬂuids (FaSSIF, fasted-state simulated intestinal ﬂuid; FeSSIF, fed-state simulated intestinal
ﬂuid; sIF, simulated intestinal ﬂuid; buﬀer sIF, prepared equally to sIF but without pancreatin) are shown. For composition see Table S1 in
Supporting Information. H2O was used as a reference media. Data represent the mean (triplicates) with its corresponding standard deviation.
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(m, 2H, Ar-H), 7.44 (m, 1H, Ar-H), 7.55 (t, J = 7.5 Hz, 2H, Ar-H),
7.71 (m, 4H, Ar-H). 13C NMR (D2O, 126 MHz): δ = 60.5 (C-6), 66.6
(C-4), 70.1 (d, J = 5 Hz, C-3), 73.5 (C-5), 73.6 (d, J = 5 Hz, C-2), 97.0
(d, J = 3 Hz, C-1), 117.2, 117.6, 126.7, 127.4, 128.0, 128.2, 129.1,
135.3, 140.0, 155.0 (12C, Ar-C). ESI-MS: m/z: calcd for C18H20O9P
[M − 2NH4 + H]−, 411.08; found, 411.06.
Biphenyl 3-O-Phosphoryl-α-D-mannopyranoside Diammonium
Salt (6b). Hydrogenolysis of a 3:2-mixture of 15 and 16 (130 mg,
0.144 mmol) in EtOAc (6 mL) was conducted in the presence of 10%
Pd(OH)2/C (15 mg) with a hydrogen balloon at rt for 5 h. Then, the
reaction suspension was ﬁltered through Celite and the ﬁltrate was
concentrated in vacuo. The residue was stirred in 25% aq NH3 (4 mL)
and MeOH (1 mL) at rt overnight. The solvents were removed under
reduced pressure, and the residue was puriﬁed by MPLC on silica gel
(DCM/MeOH/H2O, 6:4:0.6) to provide 6b (4.5 mg, 7%, still
containing some of the 2-phosphate impurity) as white solid; [α]D
20 +
91.7 (c 0.12, D2O).
1H NMR (D2O, 500 MHz): δ = 3.75−3.83 (m,
3H, H-5, H-6), 3.92 (t, J = 9.5 Hz, 1H, H-4), 4.39 (m, 1H, H-2), 4.55
(dt, J = 3.0, 9.0 Hz, 1H, H-3), 5.72 (s, 1H, H-1), 7.32 (m, 2H, Ar-H),
7.45 (m, 1H, Ar-H), 7.54 (t, J = 7.5 Hz, 2H, Ar-H), 7.71 (m, 4H, Ar-
H). 13C NMR (D2O, 126 MHz): δ = 61.4 (C-6), 66.9 (d, J = 3 Hz, C-
4), 70.0 (d, J = 3 Hz, C-2), 74.0 (C-5), 75.0 (d, J = 5 Hz, C-3), 98.5
(C-1), 118.1, 118.3, 127.31, 127.34, 128.0, 128.8, 129.8, 135.8, 140.6,
155.7 (12C, Ar-C). ESI-MS: m/z: calcd for C18H20O9P [M − 2NH4 +
H]−, 411.08; found, 411.12.
Biphenyl 4-O-Phosphoryl-α-D-mannopyranoside Diammonium
Salt (6c). Hydrogenolysis of 19 (80 mg, 90 μmol) was done in EtOAc
(4 mL) in the presence of 10% Pd(OH)2/C (12 mg) with hydrogen
balloon at rt overnight. Then the reaction suspension was ﬁltered
through Celite, and the ﬁltrate was concentrated in vacuo to provide
the debenzylated intermediate. The crude intermediate (52 mg) was
stirred in MeOH (1 mL) and 25% aq NH3 (4 mL) overnight. The
solvent was removed under reduced pressure, and the residue was
puriﬁed by MPLC on silica (DCM/MeOH/H2O, 4:1:0.1) to yield 6c
(18 mg, 56%) as a white solid; [α]D
20 + 104.8 (c 0.20, H2O).
1H NMR
(D2O, 500 MHz): δ = 3.75−3.87 (m, 3H, H-5, H-6), 4.24 (m, 3H, H-
2, H-3, H-4), 5.70 (s, 1H, H-1), 7.30 (d, J = 8.5 Hz, 2H, Ar-H), 7.43 (t,
J = 7.5 Hz, 1H, Ar-H), 7.54 (t, J = 8.0 Hz, 2H, Ar-H), 7.70 (d, J = 8.0
Hz, 4H, Ar-H). 13C NMR (D2O, 126 MHz): δ = 60.6 (C-6), 69.6 (C-
2), 69.7 (d, J = 5 Hz, C-4), 70.7 (C-3), 72.6 (d, J = 7 Hz, C-5), 97.9
(C-1), 117.6, 126.7, 127.4, 128.2, 129.1, 135.3, 140.0, 155.1 (12C, Ar-
C). ESI-MS: m/z: calcd for C18H20O9P [M − 2NH4 + H]−, 411.08;
found, 411.11.
Biphenyl 6-O-Phosphoryl-α-D-mannopyranoside Diammonium
Salt (6d). Hydrogenolysis of 22 (64.0 mg, 70.0 μmol) was done in
EtOAc/EtOH (5 mL, 3:2) in the presence of 10% Pd(OH)2/C (7.5
mg) with hydrogen balloon at rt overnight. The reaction suspension
Figure 6. Accumulation of active principle (a) 3, (b) 4, and (c) 5 in the basal receiver chamber of a Caco-2 cell system 60 min after applying (a)
active principle 3 or prodrug 6e, (b) active principle 4 or prodrug 7b, and (c) active principle 5 or prodrug 8 into the apical chamber. The active
principles were dosed at a concentration of 62.5 μM, which corresponds to approximately the aqueous solubilities of 3 and 5. The phosphate
prodrugs were dosed at four diﬀerent concentrations (62.5, 100, 200, and 400 μM).
Figure 7. Urine concentrations of active principle 4 in C3H/HeN
mice upon po administration of 4 (1.25 and 7.7 mg/kg po) or the
related phosphate prodrugs 7b, 7c (10 mg/kg po) and the urine
concentration of the active principle 5 upon po administration of
phosphate prodrug 8 (10 mg/kg po). Shown are mean values with
standard deviations for groups of three (4, 1.25 mg/kg, 7b, 7c, and 8)
or ﬁve (4, 7.7 mg/kg) mice.
Table 3. Pharmacokinetic Parameters (Cmax, Tmax, and Urine AUC0−24) Determined after a Single po Application of Compounds
4, 7b, 7c, and 8, in Female C3H/HeN mice.a
parameter 4 4 7b (prodrug of 4) 7c (prodrug of 4) 8 (prodrug of 5)
dose (mg/kg) po 1.25 7.7 10 10 10
Cmax (μg/mL) 3.9 ± 1.9 23.6 ± 3.1 40.7 ± 11.4 57.0 ± 4.2 4.5 ± 1.6
Tmax (h) 1.4 ± 0.6 1.4 ± 0.2 0.9 ± 0.2 0.44 ± 0.2 3.0 ± 0.0
urine AUC0−24 (μg × h/mL) 21.5 ± 5.2 106.8 ± 18.0 103.9 ± 7.7 226.4* ± 42.8 24.6 ± 10.7
aValues were calculated using PKsolver and are shown as mean with standard deviation.54 Cmax, maximal concentration; Tmax, time were Cmax is
reached; AUC, area under the curve. *Statistical diﬀerences at p < 0.001 (Two-Way ANOVA, Prism; GraphPad Software, version 5.0f), compared to
all other po applications.
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! !was ﬁltered through Celite, and the ﬁltrate was concentrated in vacuo.
The crude intermediate was stirred in MeOH (1 mL) and 25% aq
NH3 (4 mL) overnight. The solvents were removed under reduced
pressure, and the residue was puriﬁed by MPLC on silica (DCM/
MeOH/H2O, 4:1:0.1) to yield 6d (16.0 mg, 55%) as a white solid;
[α]D
20 + 74.1 (c 0.16, H2O).
1H NMR (D2O, 500 MHz): δ = 3.83 (m,
1H, H-5), 3.89 (ddd, J = 1.9, 4.9, 12.0 Hz, 1H, H-6a), 4.01 (t, J = 9.9
Hz, 1H, H-4), 4.08 (m, 1H, H-6b), 4.11 (dd, J = 3.5, 10.0 Hz, 1H, H-
3), 4.21 (dd, J = 1.8, 3.4 Hz, 1H, H-2), 5.69 (d, J = 1.4 Hz, 1H, H-1),
7.28 (m, 2H, Ar-H), 7.49 (t, J = 7.4 Hz, 1H, Ar-H), 7.54 (t, J = 7.7 Hz,
2H, Ar-H), 7.70 (d, J = 8.7 Hz, 4H, Ar-H). 13C NMR (D2O, 126
MHz): δ = 62.6 (J = 4 Hz, C-6), 65.8 (C-4), 70.0, 70.1 (C-2, C-3),
72.9 (d, J = 8 Hz, C-5), 98.4 (C-1), 117.5, 127.4, 126.7, 128.3, 129.1,
135.3, 140.0, 155.1 (12C, Ar-C). ESI-MS: m/z: calcd for C18H20O9P
[M − 2NH4 + H]−, 411.08; found, 411.09.
Biphenyl 6-O-(Phosphonooxymethyl)-α-D-mannopyranoside Di-
ammonium Salt (6e). Compound 38 (110 mg, 0.146 mmol) was
stirred in MeOH (1 mL) and 25% aq NH3 (4 mL) overnight. The
solvents were removed under reduced pressure, and the residue was
puriﬁed by MPLC on RP-18 (H2O/MeOH) to yield 6e (32.3 mg,
50%) as a white solid; [α]D
20 + 75.5 (c 0.32, H2O).
1H NMR (D2O,
500 MHz): δ = 3.85 (dd, J = 2.0, 11.5 Hz, 1H, H-6a), 3.88 (m, 1H, H-
5), 3.93 (t, J = 9.5 Hz, 1H, H-4), 4.10 (dd, J = 3.5, 9.5 Hz, 1H, H-3),
3.97 (dd, J = 4.0, 11.5 Hz, 1H, H-6b), 4.22 (dd, J = 2.0, 3.5 Hz, 1H, H-
2), 4.94 (A of ABX, J = 5.5, 11.0 Hz, 1H, CH2), 5.04 (B of ABX, J =
5.5, 8.5 Hz, 1H, CH2), 5.69 (d, 1.5 Hz, 1H, H-1), 7.28 (m, 2H, Ar-H),
7.44 (m, 1H, Ar-H), 7.54 (m, 2H, Ar-H), 7.69−7.72 (m, 4H, Ar-H)
13C NMR (D2O, 126 MHz): δ = 66.1 (C-4), 66.6 (C-6), 69.9 (C-2),
70.3 (C-3), 72.2 (C-5), 90.4 (d, J = 4 Hz, CH2), 98.3 (C-1), 117.5,
126.7, 127.4, 128.3, 128.8, 129.1, 132.5, 135.4, 140.0, 155.0 (12C, Ar-
C). ESI-MS: m/z: calcd for C19H22O10P [M − 2NH4 + H]−, 441.10;
found, 440.92.
3′-Chloro-4′-(2-O-phosphoryl-α-D-mannopyranosyloxy)-biphen-
yl-4-carbonitrile Disodium Salt (7a). Compound 26 (34.7 mg, 56.0
μmol) was dissolved in MeOH (0.25 mL) and 25% aq NH3 (1 mL).
The mixture was stirred for 16 h at rt. The solvents were removed in
vacuo, and the residue was dissolved in H2O (0.5 mL) containing a
drop of 1 M aq NaOH and puriﬁed by MPLC on RP-18 (H2O/
MeOH) to yield pure 2-phosphate 7a (20.4 mg, 71%) as the sodium
salt; [α]D
20 + 17.9 (c 0.78, H2O).
1H NMR (500 MHz, D2O): δ =
3.70−3.82 (m, 3H, H-5, H-6), 3.92 (t, J = 9.8 Hz, 1H, H-4), 4.13 (dd, J
= 3.0, 9.7 Hz, 1H, H-3), 4.66 (dt, J = 2.4, 8.3 Hz, 1H, H-2), 5.97 (d, J =
1.2 Hz, 1H, H-1), 7.40 (d, J = 8.7 Hz, 1H, Ar-H), 7.45−7.53 (m, 4H,
Ar-H), 7.66 (d, J = 8.4 Hz, 2H, Ar-H). 13C NMR (126 MHz, D2O): δ
= 62.0 (C-6), 68.6 (C-4), 72.3 (d, J = 3 Hz, C-3), 73.8 (d, J = 4 Hz, C-
2), 99.2 (d, J = 5 Hz, C-1), 111.0, 118.9, 121.2, 125.5, 128.2, 128.4,
130.1, 134.4, 135.4, 144.7, 152.5 (13C, 12 Ar-C, CN). IR (KBr): ν =
3436 (vs, OH), 2230 (w, CN) cm−1. ESI-MS: m/z: calcd for
C19H18ClNO9P [M − 2Na + H]−, 470.04; found, 469.96.
3′-Chloro-4′-(3-O-phosphoryl-α-D-mannopyranosyloxy)-biphen-
yl-4-carbonitrile Disodium Salt (7b). A solution of 30 (89.1 mg, 90
μmol) in dry DCM (2 mL) was treated with TFA (500 μL) for 1.5 h
at rt under argon. Then, the mixture was evaporated to dryness in
vacuo to yield the benzoylated intermediate, which was dissolved in
MeOH (1 mL) and 25% aq NH3 (4 mL). The mixture was stirred at rt
overnight. The solvents were removed in vacuo, and the residue was
dissolved in H2O (1 mL) containing two drops of 1 M aq NaOH and
puriﬁed by MPLC on RP-18 (H2O/MeOH, 95:5−4:1) to yield 7b
(20.7 mg, 45%); [α]D
20 + 42.5 (c 0.82, H2O).
1H NMR (500 MHz,
D2O): δ = 3.74 (dd, J = 5.8, 12.4 Hz, 1H, H-6a), 3.77−3.83 (m, 2H,
H-6b, H-5), 3.91 (t, J = 9.6 Hz, 1H, H-4), 4.43 (dd, J = 1.8, 3.4 Hz,
1H, H-2), 4.55 (dt, J = 3.4, 8.8 Hz, 1H, H-3), 5.76 (d, J = 1.5 Hz, 1H,
H-1), 7.42 (d, J = 8.7 Hz, 1H, Ar-H), 7.58 (dd, J = 2.3, 8.7 Hz, 1H, Ar-
H), 7.71 (d, J = 8.5 Hz, 2H, Ar-H), 7.75 (d, J = 2.3 Hz, 1H, Ar-H),
7.80 (d, J = 8.5 Hz, 2H, Ar-H). 13C NMR (126 MHz, D2O): δ = 62.2
(C-6), 68.3 (d, J = 3 Hz, C-4), 70.9 (d, J = 4 Hz, C-2), 74.9 (d, J = 5
Hz, C-3), 75.3 (C-5), 99.8 (C-1), 111.1, 121.2, 125.7, 128.2, 128.6,
130.3, 134.4, 135.9, 144.9, 152.5 (13C, 12 Ar-C, CN). IR (KBr): ν =
3436 (vs, OH), 2230 (w, CN) cm−1. ESI-MS: m/z: calcd for
C19H18ClNO9P [M − 2NH4+H]−, 470.04; found, 470.12.
3′-Chloro-4′-(2,3,4-O-benzoyl-4-O-phosphoryl-α-D-mannopyra-
nosyloxy)-biphenyl-4-carbonitrile Disodium Salt (7c). Prepared
according to the procedure described for 7b. Compound 32 (37.3
mg, 27 μmol) was subsequently treated with TFA (300 μL) in DCM
(1.2 mL) for 2 h, and then with MeOH (0.5 mL) and 25% aq NH3 (2
mL) for 2 h. Puriﬁcation by MPLC on RP-18 (H2O/MeOH, 95:5−
4:1) yielded 7c (23.6 mg, 98%); [α]D
20 + 70.0 (c 0.81, H2O).
1H NMR
(500 MHz, D2O): δ = 3.64−3.71 (m, 2H, H-6a, H-5), 3.85 (dd, J =
4.1, 12.5 Hz, 1H, H-6b), 4.17−4.28 (m, 3H, H-3, H-2, H-4), 5.56 (s,
1H, H-1), 7.11 (d, J = 1.9 Hz, 1H, Ar-H), 7.16 (d, J = 8.7 Hz, 1H, Ar-
H), 7.19 (m, 3H, Ar-H), 7.41 (d, J = 8.3 Hz, 2H, Ar-H). 13C NMR
(126 MHz, D2O): δ = 60.7 (C-6), 69.2 (d, J = 5 Hz, C-4), 69.6, 70.9
(C-2, C-3), 73.3 (d, J = 7 Hz, C-5), 98.6 (C-1), 109.5, 117.5, 119.5,
124.1, 126.6, 128.2, 132.8, 134.0, 142.7, 151.4 (13C, 12 Ar-C, CN). IR
(KBr): ν = 3433 (vs, OH), 2227 (w, CN) cm−1. ESI-MS: m/z: calcd
for C19H18ClNO9P [M − 2Na + H]−, 470.04; found, 470.07.
3′-Chloro-4′-(6-O-phosphoryl-α-D-mannopyranosyloxy)-biphen-
yl-4-carbonitrile Disodium Salt (7d). Prepared according to the
procedure described for 7b. Compound 36 (50.8 mg, 90 μmol) was
subsequently treated with TFA (400 μL) in DCM (1.6 mL) for 2 h
and then with MeOH (0.5 mL) and 25% aq NH3 (2 mL) overnight.
Puriﬁcation by MPLC on RP-18 (H2O/MeOH, 95:5−4:1) yielded 7d
(18.1 mg, 68%); [α]D
20 + 40.3 (c 0.58, H2O).
1H NMR (500 MHz,
D2O): δ = 3.75 (d, J = 9.6 Hz, 1H, H-5), 3.81 (m, 1H, H-6a), 4.04−
4.13 (m, 2H, H-4, H-6b), 4.15 (dd, J = 3.4, 10.1 Hz, 1H, H-3), 4.25
(dd, J = 1.8, 3.3 Hz, 1H, H-2), 5.66 (d, J = 1.4 Hz, 1H, H-1), 7.23 (d, J
= 8.7 Hz, 1H, Ar-H), 7.33 (d, J = 2.3 Hz, 1H, Ar-H), 7.35−7.41 (m,
3H, Ar-H), 7.55 (d, J = 8.4 Hz, 2H, Ar-H). 13C NMR (126 MHz,
D2O): δ = 62.8 (d, J = 4 Hz, C-6), 66.2 (C-4), 70.5, 70.6 (C-2, C-3),
74.2 (d, J = 7 Hz, C-5), 99.3 (C-1), 110.0, 118.0, 120.3, 124.6, 127.3,
129.1, 133.4, 134.5, 143.6, 152.0 (13C, 12 Ar-C, CN). IR (KBr): ν =
3436 (vs, OH), 2225 (w, CN) cm−1. ESI-MS: m/z: calcd for
C19H18ClNO9P [M − 2Na + H]−, 470.04; found, 470.02.
4-(5-Nitroindolin-1-yl)phenyl 6-O-(phosphonooxy)-methyl α-D-
Mannopyranoside Diammonium Salt (8). Compound 42 (278 mg,
0.337 mmol) was stirred in a mixture of MeOH (5 mL), DCM (4
mL). and 25% aq NH3 (8 mL) overnight. The solvent was removed
under reduced pressure, and the residue was puriﬁed by MPLC on RP-
18 (H2O/MeOH) to give 8 (78 mg, 41%).
1H NMR (D2O, 500
MHz): δ = 3.21 (t, J = 8.4 Hz, 2H, CH2), 3.81 (dd, J = 1.8, 11.3 Hz,
1H, H-6a), 3.86 (m, 1H, H-5), 3.91 (t, J = 9.7 Hz, 2H, NCH2), 3.96
(dd, J = 4.2, 11.3 Hz, 1H, H-6b), 4.04 (dd, J = 3.5, 9.6 Hz, 1H, H-3),
4.14 (t, J = 8.8 Hz, 2H, CH2), 4.16 (dd, J = 1.8, 3.4 Hz, 1H, H-2), 4.89
(A of ABX, J = 5.6, 10.8 Hz, 1H, CH2), 5.00 (B of ABX, J = 5.6, 8.1
Hz, 1H, CH2), 5.60 (s, 1H, H-1), 6.86 (d, J = 8.9 Hz, 1H, Ar-H), 7.22
(d, J = 8.9 Hz, 2H, Ar-H), 7.39 (d, J = 8.8 Hz, 2H, Ar-H), 8.01 (s, 1H,
Ar-H), 8.05 (d, J = 9.3 Hz, 1H, Ar-H). 13C NMR (D2O, 126 MHz): δ
= 26.3 (CH2), 53.6 (NCH2), 66.1, 66.3 (C-4, C-6), 69.9 (C-2), 70.2
(C-3), 72.3 (C-5), 90.1 (d, J = 4 Hz, CH2), 98.7 (C-1), 105.6, 118.1,
121.2, 121.9, 122.0, 127.0, 132.5, 136.6, 137.5, 151.9, 154.6 (12C, 12
Ar-C). ESI-MS: m/z: calcd for C21H24N2O12P [M − 2NH4 + H]−,
527.11; found, 527.18.
Biphenyl 4,6-O-Benzylidene-α-D-mannopyranoside (9). To a
mixture of biphenyl α-D-mannopyranoside (1)14,18 (1.16 g, 3.51
mmol) and benzaldehyde dimethyl acetal (1.58 mL, 10.5 mmol) in dry
MeCN/DMF (10 mL/1 mL) was added p-toluenesulfonic acid (40
mg). The reaction mixture was stirred at 80 °C overnight and then
neutralized with satd aq NaHCO3. Then the mixture was diluted with
DCM (20 mL) and washed with water (2 × 10 mL) and brine (10
mL). The organic layer was dried over Na2SO4 and concentrated. The
residue was puriﬁed by MPLC on silica (DCM/MeOH, 20:1−9:1) to
aﬀord 9 (1.03 g, 70%) as a white solid; [α]D
20 + 163.1 (c 1.09, CHCl3/
MeOH, 1:1). 1H NMR (CDCl3, 500 MHz): δ = 3.83 (t, J = 10.0 Hz,
1H, H-6a), 3.99 (td, J = 4.5, 9.5 Hz, 1H, H-5), 4.04 (t, J = 9.5 Hz, 1H,
H-4), 4.22 (dd, J = 5.0, 10.0 Hz, 1H, H-6b), 4.28 (m, 1H, H-2), 4.33
(dd, J = 3.5, 9.5 Hz, 1H, H-3), 5.60 (s, 1H, PhCH), 5.66 (s, 1H, H-1),
7.13 (m, 2H, Ar-H), 7.31−7.50 (m, 8H, Ar-H), 7.55 (m, 4H, Ar-H).
13C NMR (CDCl3, 126 MHz): δ = 63.8 (C-5), 68.6 (C-3), 68.7 (C-6),
70.9 (C-2), 78.7 (C-4), 98.1 (C-1), 102.3 (PhCH), 116.6, 126.3, 126.8,
127.0, 128.3, 128.4, 128.8, 129.0, 129.3, 129.7, 134.5, 135.7, 137.1,
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140.5, 155.4 (18C, Ar-C). ESI-MS: m/z: calcd for C25H24NaO6 [M +
Na]+, 443.15; found, 443.12.
Biphenyl 3-O-Benzyl-4,6-O-benzylidene-α-D-mannopyranoside
(10). A suspension of 9 (380 mg, 0.900 mmol) and dibutyltin oxide
(247 mg, 0.990 mmol) in dry toluene (6 mL) was reﬂuxed at 135 °C
for 3 h. The mixture was concentrated to dryness, and
tetrabutylammonium bromide (320 mg, 0.990 mmol) and benzyl
bromide (0.13 mL, 1.08 mmol) in dry toluene (6 mL) were added.
The reaction mixture was stirred at 115 °C overnight, the solvent was
removed under reduced pressure, and the residue was puriﬁed by
MPLC on silica (petroleum ether/EtOAc, 6:1−4:1) to give 10 (370
mg, 80%) as a white solid; [α]D
20 + 139.6 (c 2.66, CHCl3).
1H NMR
(CDCl3, 500 MHz): δ = 3.87 (t, J = 10.5 Hz, 1H, H-6a), 4.01 (td, J =
5.0, 10.0 Hz, 1H, H-5), 4.17 (dd, J = 3.0, 9.5 Hz, 1H, H-3), 4.20−4.26
(m, 2H, H-6b, H-4), 4.31 (dd, J = 1.5, 3.0 Hz, 1H, H-2), 4.82 (d, J =
12.0 Hz, 1H, OCH2Ph), 4.97 (d, J = 12.0 Hz, 1H, OCH2Ph), 5.66 (s,
1H, PhCH), 5.69 (d, J = 1.0 Hz, 1H, H-1), 7.13 (m, 2H, Ar-H), 7.37−
7.46 (m, 10H, Ar-H), 7.51−7.58 (m, 7H, Ar-H). 13C NMR (CDCl3,
126 MHz): δ = 64.0 (C-5), 68.7 (C-6), 70.0 (C-2), 73.3 (OCH2Ph),
75.4 (C-3), 78.7 (C-4), 97.9 (C-1), 101.7 (PhCH), 116.7, 126.1, 126.8,
127.8, 127.0, 127.8, 128.0, 128.2, 128.3, 128.5, 128.7, 128.8, 128.9,
129.0, 129.7, 134.5, 135.7, 137.4, 137.9, 140.5, 155.3 (24C, Ar-C). ESI-
MS: m/z: calcd for C32H30NaO6 [M + Na]
+, 533.19; found, 533.17.
Biphenyl 2-O-Dibenzylphosphoryl-3-O-benzyl-4,6-O-benzyli-
dene-α-D-mannopyranoside (11). According to the general proce-
dure, compound 10 (194 mg, 0.250 mmol) was reacted with 1,2,4-
triazole (69.5 mg, 1.00 mmol) and dibenzyl N,N-diisopropylphosphor-
amidite (90%, 187 μL, 0.500 mmol) in MeCN (3.0 mL), followed by
treatment with 70% aq tert-butylhydroperoxide (150 μL) to yield 11
(120 mg, 62%) as a white solid; [α]D
20 + 55.3 (c 0.38, DCM). 1H
NMR (CDCl3, 500 MHz): δ = 3.81 (t, J = 10.5 Hz, 1H, H-6a), 3.99
(td, J = 5.0, 10.0 Hz, 1H, H-5), 4.11 (t, J = 10.0 Hz, 1H, H-4), 4.22 (m,
2H, H-3, H-6b), 4.85 (m, 2H, OCH2Ph), 5.30 (m, 1H, H-2), 5.08−
5.12 (m, 4H, OCH2Ph), 5.62 (m, 2H, H-1, PhCH), 7.03 (m, 2H, Ar-
H), 7.26−7.58 (m, 27H, Ar-H). 13C NMR (CDCl3, 126 MHz): δ =
64.6 (C-5), 68.5 (C-6), 69.5 (d, J = 6 Hz, OCH2Ph), 69.6 (d, J = 6 Hz,
OCH2Ph), 72.8 (OCH2Ph), 73.9 (d, J = 5 Hz, C-3), 74.6 (d, J = 6 Hz,
C-2), 78.2 (C-4), 97.2 (d, J = 3 Hz, C-1), 101.6 (PhCH), 116.8, 126.0,
126.8, 126.9, 127.0, 127.6, 127.7, 127.74, 127.85, 127.92, 128.19,
128.22, 128.3, 128.45, 128.52, 128.6, 128.7, 128.9, 135.66, 135.71,
135.76, 135.8, 135.9, 137.4, 137.5, 138.0, 140.5, 155.0 (36C, Ar-C).
ESI-MS: m/z: calcd for C46H44O9P [M + H]
+, 771.27; found, 771.37.
Biphenyl 3-O-Benzyl-α-D-mannopyranoside (12). Biphenyl α-D-
mannopyranoside (3, 665 mg, 2.00 mmol) and dibutyltin oxide (548
mg, 2.20 mmol) were dissolved in dry MeOH (10 mL). The mixture
was reﬂuxed for 5 h and then concentrated to dryness under reduced
pressure. To a solution of the residue in dry toluene (10 mL) were
added tetrabutylammonium bromide (709 mg, 2.20 mmol) and benzyl
bromide (285 μL, 2.40 mmol). The mixture was stirred at 115 °C
overnight and then concentrated to dryness in vacuo. The residue was
puriﬁed by chromatography on silica (petroleum ether/EtOAc, 4:1−
1:3) to yield 12 (306 mg, 36%) as a white solid; [α]D
20 + 99.8 (c 1.38,
CHCl3).
1H NMR (CDCl3, 500 MHz): δ = 3.00 (s, 3H, 2,4,6-OH),
3.71 (m, 2H, H-5, H-6a), 3.81 (m, 1H, H-6b), 3.96 (dd, J = 3.0, 9.5
Hz, 1H, H-3), 4.17 (m, 2H, H-2, H-4), 4.70 (d, J = 11.5 Hz, 1H,
OCH2Ph), 4.79 (d, J = 11.5 Hz, 1H, OCH2Ph), 5.65 (d, J = 1.5 Hz,
1H, H-1), 7.10 (m, 2H, Ar-H), 7.31−7.44 (m, 8H, Ar-H), 7.50−7.52
(m, 4H, Ar-H). 13C NMR (CDCl3, 126 MHz): δ = 61.5 (C-6), 65.5
(C-4), 67.9 (C-2), 72.3 (OCH2Ph), 72.8 (C-5), 79.4 (C-3), 97.7 (C-
1), 116.6, 126.8, 126.9, 128.26, 128.29, 128.3, 128.7, 128.8, 135.6,
137.4, 140.5, 155.4 (18C, Ar-C). ESI-MS: m/z: calcd for C25H26NaO6
[M + Na]+, 445.16; found, 445.14.
Biphenyl 2,4,6-Tri-O-benzoyl-3-O-benzyl-α-D-mannopyranoside
(13). To a solution of 12 (306 mg, 0.724 mmol) in pyridine (5
mL) were added benzoyl chloride (400 μL, 3.43 mmol) and DMAP (5
mg). The reaction mixture was stirred at rt overnight then quenched
with MeOH (0.5 mL) and concentrated under reduced pressure. The
residue was puriﬁed by MPLC on silica (petroleum ether/EtOAc,
4:1−3:1) to yield 13 (499 mg, 99%) as a white solid; [α]D20 + 7.1 (c
1.52, CHCl3).
1H NMR (CDCl3, 500 MHz): δ = 4.40−4.46 (m, 3H,
H-6a, H-3, H-5), 4.62−4.65 (m, 2H, OCH2Ph, H-6b), 4.79 (d, J = 12.4
Hz, 1H, OCH2Ph), 5.80 (d, J = 2.0 Hz, 1H, H-1), 5.91 (dd, J = 2.0, 3.0
Hz, 1H, H-2), 5.97 (t, J = 9.7 Hz, 1H, H-4), 7.12−7.23 (m, 7H, Ar-H),
7.34 (m, 3H, Ar-H), 7.42−7.54 (m, 11H, Ar-H), 7.61 (m, 2H, Ar-H),
8.03 (m, 4H, Ar-H), 8.16 (m, 2H, Ar-H).13C NMR (CDCl3, 126
MHz): δ = 63.0 (C-6), 68.0 (C-4), 68.5 (C-5), 69.6 (C-2), 71.3
(OCH2Ph), 74.1 (C-3), 96.3 (C-1), 116.9, 126.8, 127.0, 127.7, 127.9,
128.2, 128.26, 128.28, 128.4, 128.5, 128.7, 129.3, 129.4, 129.7, 129.8,
129.9, 130.0, 132.9, 133.3, 133.4, 135.9, 137.3, 140.3, 155.2 (36C, Ar-
C), 165.4, 165.7, 166.1 (3 CO). ESI-MS: m/z: calcd for C46H38NaO9
[M + Na]+, 757.24; found, 757.29.
Biphenyl 2,4,6-Tri-O-benzoyl-α-D-mannopyranoside (14). Hydro-
genolysis of 13 (499 mg, 0.679 mmol) was conducted in dioxane/
EtOAc (6 mL, 5:1) in the presence of 10% Pd(OH)2/C (50 mg) and a
catalytic amount of AcOH in a Parr shaker under hydrogen (4 bar) at
rt overnight. The reaction suspension was ﬁltered through Celite, and
the ﬁltrate was concentrated in vacuo. The residue was puriﬁed by
MPLC on silica (petroleum ether/EtOAc, 9:1−4:1) to give 14 (314
mg, 73%) as colorless syrup; [α]D
20 + 56.5 (c 1.02, CHCl3).
1H NMR
(CDCl3, 500 MHz): δ = 2.58 (d, J = 8.0 Hz, 1H, 3-OH), 4.48 (m, 2H,
H-5, H-6a), 4.64 (m, 2H, H-3, H-6b), 5.66 (dd, J = 2.0, 3.5 Hz, 1H, H-
2), 5.77 (t, J = 9.5 Hz, 1H, H-4), 5.82 (d, J = 2.0 Hz, 1H, H-1), 7.31−
7.35 (m, 3H, Ar-H), 7.22 (m, 2H-Ar-H), 7.42−7.53 (m, 11H, Ar-H),
7.61 (m, 2H, Ar-H), 7.97 (dd, J = 1.0, 8.0 Hz, 2H, Ar-H), 8.10 (m, 4H,
Ar-H). 13C NMR (CDCl3, 126 MHz): δ = 63.0 (C-6), 69.0, 69.2 (C-5,
C-3), 72.6 (C-2), 70.2 (C-4), 95.7 (C-1), 116.8, 126.8, 127.0, 128.3,
128.4, 128.6, 128.8, 129.1, 129.0, 129.7, 129.9, 130.0, 133.1, 133.69,
133.73, 136.0, 140.4, 155.2 (30C, Ar-C), 165.9, 166.1, 166.8 (3 CO).




pyranoside (15). According to the general procedure, compound 14
(211 mg, 0.335 mmol) was reacted with 1,2,4-triazole (92.5 mg, 1.34
mmol) and dibenzyl N,N-diisopropylphosphoramidite (90%, 250 μL,
0.670 mmol) in MeCN (5 mL), followed by treatment with 70% aq
tert-butylhydroperoxide (190 μL, 1.34 mmol) to yield 15 and the 2-
phosphoryl derivative 16 (245 mg, 80%) as an inseparable 3:2 mixture.
Analytical data for 15: 1H NMR (CDCl3, 500 MHz): δ = 4.62 (m,
2H, H-5, H-6a), 4.76 (dd, J = 7.5, 12.0 Hz, 1H, H-6b), 4.85−5.11 (m,
4H, OCH2Ph), 5.55 (td, J = 3.5, 9.0 Hz, 1H, H-3), 5.81 (d, J = 1.5 Hz,
1H, H-1), 5.87 (dd, J = 1.9, 3.4 Hz, 1H, H-2), 6.04 (m, 1H, H-4),
6.92−8.11 (m, 34H, Ar-H). 13C NMR (CDCl3, 126 MHz): δ = 62.8
(C-5), 67.6 (d, J = 6 Hz, C-4), 69.5 (C-6), 69.8 (d, J = 5.6 Hz,
CH2Ph), 71.0 (d, J = 2 Hz, C-2), 69.8 (d, J = 6 Hz, CH2Ph), 73.7 (d, J
= 5 Hz, C-3), 95.7 (C-1), 116.8, 126.8, 127.6, 127.7, 127.9, 128.0,
128.20, 128.23, 128.27, 128.32, 128.4, 128.50, 128.54, 128.57, 128.62,
129.7, 129.9, 130.0, 133.0, 133.5, 133.6, 136.1, 140.3, 155.1 (42C, Ar-
C), 165.3, 165.5, 166.0 (3 CO). ESI-MS: m/z: calcd for
C53H45NaO12P [M + Na]
+, 927.25; found, 927.23.
Analytical data for 16: 1H NMR (CDCl3, 500 MHz): δ = 4.62 (m,
1H, H-6a), 4.51 (m, 1H, H-5), 4.42 (m, 1H, H-6b), 4.85−5.11 (m,
4H, OCH2Ph), 5.20 (m, 1H, H-2), 5.66 (d, J = 1.5 Hz, 1H, H-1), 5.95
(td, J = 2.7, 10.0 Hz, 1H, H-3), 6.04 (m, 1H, H-4), 6.92−8.11 (m,




noside (17). To a solution of compound 9 in pyridine (5 mL) were
added benzoyl chloride (0.33 mL, 2.84 mmol) and DMAP (5 mg).
The mixture was stirred at rt overnight and then concentrated under
reduced pressure. The residue was puriﬁed by MPLC on silica
(petroleum ether/EtOAc, 6:1−4:1) to provide 17 (270 mg, 60%) as a
white solid; [α]D
20 + 21.8 (c 1.08, CHCl3).
1H NMR (CDCl3, 500
MHz): δ = 4.00 (t, J = 9.5 Hz, 1H, H-6a), 4.32−4.38 (m, 2H, H-6b, H-
5), 4.48 (t, J = 9.5 Hz, 1H, H-4), 5.73 (s, 1H, PhCH), 5.82 (d, J = 1.5
Hz, 1H, H-1), 5.97 (dd, J = 1.5, 3.5 Hz, 1H, H-2), 6.10 (dd, J = 3.5,
10.5 Hz, 1H, H-3), 7.25 (m, 2H, Ar-H), 7.35−7.39 (m, 6H, Ar-H),
7.45−7.61 (m, 11H, Ar-H), 7.68 (t, J = 7.5 Hz, 1H, Ar-H), 7.99 (m,
2H, Ar-H), 8.17 (m, 2H, Ar-H). 13C NMR (CDCl3, 126 MHz): δ =
64.6 (C-5), 68.7 (C-6), 68.8 (C-3), 70.8 (C-2), 76.6 (C-4), 96.7 (C-1),
102.0 (PhCH), 116.8, 126.1, 126.9, 127.0, 128.2, 128.25, 128.3, 128.4,
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! !128.6, 128.7, 129.0, 129.3, 129.6, 129.8, 129.9, 130.1, 133.1, 133.6,
136.0, 136.9, 140.5, 155.1 (30C, Ar-C), 165.36, 165.45 (2 CO). ESI-
MS: m/z: calcd for C39H32NaO8 [M + Na]
+, 651.20; found, 651.17.
Biphenyl 2,3-Di-O-benzoyl-6-O-benzyl-α-D-mannopyranoside
(18). To a solution of 17 (270 mg, 0.429 mmol) in dry THF (4
mL) were added Me3N·BH3 (125 mg, 1.72 mmol) and AlCl3 (341 mg,
2.56 mmol). After 15 min, H2O (15.5 μL) was added and the reaction
mixture was stirred at rt for 45 min. The reaction was quenched with 1
M aq HCl, diluted with DCM (20 mL), and washed with water (10
mL) and brine (10 mL). The combined organic layers were dried over
Na2SO4. The solvent was removed under reduced pressure and the
residue puriﬁed by MPLC on silica (petroleum ether/EtOAc, 6:1−
3:1) to aﬀord 18 (178 mg, 67%) as a white solid; [α]D
20 + 10.8 (c 1.21,
CHCl3).
1H NMR (CDCl3, 500 MHz): δ = 3.85 (dd, J = 4.0, 11.0 Hz,
1H, H-6a), 3.97 (dd, J = 4.5, 11.0 Hz, 1H, H-6b), 4.14 (m, 1H, H-5),
4.53 (t, J = 10.0 Hz, 1H, H-4), 4.59 (d, J = 12.0 Hz, 1H, OCH2Ph),
4.70 (d, J = 12.0 Hz, 1H, OCH2Ph), 5.79 (d, J = 1.5 Hz, 1H, H-1),
5.81 (dd, J = 1.5, 3.0 Hz, 1H, H-2), 5.85 (dd, J = 3.5, 9.5 Hz, 1H, H-3),
7.24 (m, 2H, Ar-H), 7.33−7.39 (m, 7H, Ar-H), 7.42−7.48 (m, 5H, Ar-
H), 7.54−7.57 (m, 5H, Ar-H), 7.62 (t, J = 7.5 Hz, 1H, Ar-H), 7.98 (m,
2H, Ar-H), 8.10 (m, 2H, Ar-H). 13C NMR (CDCl3, 126 MHz): δ =
67.4 (C-4), 69.8 (C-6), 70.3 (C-2), 72.0 (C-5), 72.6 (C-3), 73.7
(OCH2Ph), 96.0 (C-1), 116.8, 126.9, 127.0, 127.6, 127.7, 128.3, 128.4,
128.6, 128.7, 129.88, 129.92, 133.4, 133.5, 135.9, 137.9, 140.5, 155.4
(30C, Ar-C), 165.5, 166.7 (2 CO). ESI-MS: m/z: calcd for
C39H34NaO8 [M + Na]
+, 653.22; found, 653.25.
Biphenyl 4-O-Dibenzylphosphoryl-2,3-di-O-benzoyl-6-O-benzyl-
α-D-mannopyranoside (19). According to the general procedure,
compound 18 (160 mg, 0.253 mmol) was reacted with 1,2,4-triazole
(70.0 mg, 1.01 mmol) and dibenzyl N,N-diisopropylphosphoramidite
(90%, 190 μL, 0.510 mmol) in MeCN (2 mL), followed by treatment
with 70% aq tert-butylhydroperoxide (200 μL) to yield 19 (120 mg,
53%) as a glassy solid; [α]D
20 + 29.2 (c 1.18, CHCl3).
1H NMR
(CDCl3, 500 MHz): δ = 3.85 (dd, J = 1.5, 11.0 Hz, 1H, H-6a), 3.94
(dd, J = 4.0, 11.5 Hz, 1H, H-6b), 4.24 (m, 1H, H-5), 4.56 (s, 2H,
OCH2Ph), 4.63 (dd, J = 8.5, 12.0 Hz, 1H, OCH2Ph), 4.74 (dd, J = 7.0,
12.0 Hz, 1H, OCH2Ph), 4.81 (dd, J = 8.5, 12.0 Hz, 1H, OCH2Ph),
4.88 (dd, J = 7.5, 12.0 Hz, 1H, OCH2Ph), 5.43 (q, J = 9.5 Hz, 1H, H-
4), 5.79 (d, J = 2.0 Hz, 1H, H-1), 5.85 (dd, J = 2.0, 3.0 Hz, 1H, H-2),
6.04 (dd, J = 3.5, 10.0 Hz, 1H, H-3), 6.92 (m, 2H, Ar-H), 7.11−7.61
(m, 28H, Ar-H), 7.99 (dd, J = 1.0, 8.5 Hz, 2H, Ar-H), 8.04 (dd, J = 1.0,
8.0 Hz, 2H, Ar-H). 13C NMR (CDCl3, 126 MHz): δ = 68.4 (C-6),
69.2 (d, J = 5 Hz, OCH2Ph), 69.3 (d, J = 6 Hz, OCH2Ph), 70.3 (C-2),
70.5 (d, J = 2 Hz, C-3), 71.4 (d, J = 6 Hz, C-5), 71.6 (d, J = 6 Hz, C-4),
73.4 (OCH2Ph), 95.8 (C-1), 116.9, 126.9, 127.0, 127.39, 127.43,
127.45, 127.5, 127.7, 127.9, 128.2, 128.27, 128.32, 128.36, 128.40,
128.5, 128.6, 128.7, 129.4, 130.0, 133.2, 133.5, 135.3, 135.4, 135.5,
135.6, 136.0, 138.3, 140.5, 155.4 (42C, Ar-C), 165.4, 165.5 (2 CO).




(20). To a solution of 3 (414 mg, 1.24 mmol) in pyridine were
added trityl chloride (417 mg, 1.49 mmol) and DMAP (10 mg). The
mixture was stirred at 80 °C overnight and then cooled to rt. Then,
benzoyl chloride (50 μL, 4.92 mmol) was added and the mixture was
stirred at 50 °C overnight. The mixture was diluted with DCM (50
mL) and washed with 0.1 M aq HCl (20 mL) and satd aq NaHCO3
(20 mL). The organic layer was dried over Na2SO4, ﬁltered, and the
solvent removed in vacuo. The residue was puriﬁed by MPLC on silica
(petroleum ether/EtOAc, 6:1−4:1) to give 20 (1.35 g, 88%), which
contained some perbenzoylated substance as impurity but was used in
the next step without a second puriﬁcation.
Biphenyl 2,3,4-Tri-O-benzoyl-α-D-mannopyranoside (21). To a
solution of 20 (1.35 g, 1.52 mmol) in dry DCM were added anhydrous
FeCl3 (493 mg, 3.04 mmol) and distilled water (3.28 mL, 18.2 mmol).
The mixture was stirred at rt for 5 h. Then, the mixture was diluted
with DCM (50 mL) and washed with water (30 mL). The organic
layer was dried over Na2SO4, ﬁltered, and the solvent removed in
vacuo. The residue was puriﬁed by MPLC on silica (petroleum ether/
EtOAc) to yield 21 (608 mg, 62%); [α]D
20 −1.8 (c 0.75, DCM). 1H
NMR (CDCl3, 500 MHz): δ = 2.70 (dd, J = 6.0, 8.4 Hz, 1H, 6-OH),
3.76 (ddd, J = 3.3, 5.9, 13.0 Hz, 1H, H-6a), 3.85 (ddd, J = 2.0, 8.5, 12.8
Hz, 1H, H-6a), 4.21 (dt, J = 2.6, 10.1 Hz, 1H, H-5), 5.90 (d, J = 1.7
Hz, 1H, H-1), 5.91 (dd, J = 1.9, 3.3 Hz, 1H, H-2), 5.98 (t, J = 10.1 Hz,
1H, H-4), 6.25 (dd, J = 3.4, 10.1 Hz, 1H, H-3), 7.26−7.35 (m, 5H, Ar-
H), 7.39−7.48 (m, 5H, Ar-H), 7.51−7.59 (m, 7H, Ar-H), 7.65 (m, 1H,
Ar-H), 7.88 (m, 2H, Ar-H), 8.01 (m, 2H, Ar-H), 8.15 (m, 2H, Ar-H).
13C NMR (CDCl3, 126 MHz): δ = 61.2 (C-6), 67.1 (C-4), 69.5 (C-3),
70.5 (C-2), 71.8 (C-5), 96.1 (C-1), 116.8, 127.0, 127.1, 128.4, 128.5,
128.6, 128.8, 128.9, 129.1, 129.2, 129.8, 130.0, 130.1, 133.4, 133.8,
133.9, 136.2, 140.5, 155.4 (30C, Ar-C), 165.6, 165.7, 166.7 (3 CO).




nopyranoside (22). According to the general procedure, compound
21 (107 mg, 0.158 mmol) was reacted with 1,2,4-triazole (44.0 mg,
0.632 mmol) and dibenzyl N,N-diisopropylphosphoramidite (90%,
120 μL, 0.316 mmol) in MeCN (2 mL), followed by treatment with
70% aq tert-butylhydroperoxide (86 μL, 0.632 mmol) to yield 22 (94.4
mg, 66%) as a glassy solid; [α]D
20 −0.7 (c 0.28, DCM). 1H NMR
(CDCl3, 500 MHz): δ = 4.27 (m, 2H, H-6), 4.46 (m, 1H, H-5), 4.93−
5.02 (m, 4H, OCH2Ph), 5.80 (d, J = 1.7 Hz 1H, H-1), 5.90 (dd, J =
2.0, 3.1 Hz, 1H, H-2), 6.07 (t, J = 10.0 Hz, 1H, H-4), 6.13 (dd, J = 3.3,
10.0 Hz, 1H, H-3), 7.19−7.63 (m, 18H, Ar-H), 7.89 (m, 2H, Ar-H),
7.98 (m, 2H, Ar-H), 8.15 (m, 2H, Ar-H). 13C NMR (CDCl3, 126
MHz): δ = 65.8 (d, J = 5 Hz, C-6), 66.4 (C-4), 69.4 (d, J = 4 Hz,
OCH2Ph), 69.5 (d, J = 4 Hz, OCH2Ph), 69.9 (C-3), 70.3 (d, J = 8 Hz,
C-5), 70.4 (C-2), 96.1 (C-1), 117.0, 127.0, 127.1, 127.8, 128.0, 128.4,
128.45, 128.46, 128.5, 128.6, 133.4, 133.7, 135.7, 135.8, 136.3, 140.4,
155.5 (42C, Ar-C), 165.4, 165.5, 165.6 (3 CO). ESI-MS: m/z: calcd
for C53H45NaO12P [M + Na]
+, 927.25; found, 927.23.
4′-(4,6-O-Benzylidene-α-D-mannopyranosyloxy)-3′-chloro-bi-
phenyl-4-carbonitrile (23). To a solution of 419 (500 mg, 1.28 mmol)
in anhydrous DMF (20 mL) were added benzaldehyde dimethyl acetal
(575 μL, 3.83 mmol) and p-toluenesulfonic acid (20 mg). The mixture
was stirred at 50 °C overnight. Then, the reaction mixture was
neutralized with satd aq NaHCO3 (10 mL), diluted with DCM (30
mL), and washed with water (3 × 10 mL) and brine (10 mL). The
organic layer was dried over Na2SO4, ﬁltered, and the solvents
removed in vacuo. The residue was puriﬁed by MPLC on silica
(DCM/MeOH, 1:0−5:1, + 0.5% NEt3) to yield 23 (132 mg, 22%);
[α]D
20 + 62.3 (c 0.59, CHCl3/MeOH, 1:1).
1H NMR (500 MHz,
CDCl3): δ = 3.76 (t, J = 10.2 Hz, 1H, H-6a), 3.91 (td, J = 4.8, 9.8 Hz,
1H, H-5), 3.99 (t, J = 9.4 Hz, 1H, H-4), 4.14 (dd, J = 4.8, 10.3 Hz, 1H,
H-6a), 4.28−4.33 (m, 2H, H-2, H-3), 5.53 (s, 1H, PhCH), 5.62 (s, 1H,
H-1), 7.19 (m, 1H, Ar-H), 7.29−7.31 (m, 3H, Ar-H), 7.38 (m, 1H, Ar-
H), 7.40−7.44 (m, 2H, Ar-H), 7.54−7.58 (m, 3H, Ar-H), 7.63−7.67
(m, 2H, Ar-H). 13C NMR (126 MHz, CDCl3): δ = 64.2 (C-5), 68.5,
70.6 (3C, C-2, C-3, C-6), 78.4 (C-4), 98.7 (C-1), 102.4 (PhCH),
111.2, 116.8, 118.7, 124.6, 126.2, 126.6, 127.4, 128.4, 132.5, 143.7,
151.8 (19 C, 18 Ar-C, CN). ESI-MS: m/z: calcd for C33H26ClNNaO7
[M + Na]+, 502.90; found, 502.04.
4′-(3-O-Benzoyl-4,6-O-benzylidene-α-D-mannopyranosyloxy)-3′-
chloro-biphenyl-4-carbonitrile (24). To a solution of 23 (131 mg,
0.275 μmol) in DCM/pyridine (6 mL, 5:1) was added dropwise over
30 min a 0.1 M benzoyl chloride solution in dry DCM (2.8 mL, 0.280
mmol) at 0 °C under argon. The mixture was stirred another 30 min at
0 °C, then the ice-bath was removed and stirring continued for 2 h at
rt. Then, the mixture was diluted with DCM (10 mL) and washed with
0.1 M aq HCl (5 mL) and satd aq NaHCO3 (10 mL). The organic
layer was dried with Na2SO4, ﬁltered, and concentrated. The residue
was puriﬁed by MPLC on silica (petroleum ether/EtOAc, + 0.5%
NEt3) to yield 24 (96.8 mg, 60%); [α]D
20 + 113.8 (c 1.02, DCM). 1H
NMR (500 MHz, CDCl3): δ = 3.91 (t, J = 10.2 Hz, 1H, H-6a), 4.17
(td, J = 4.9, 9.7 Hz, 1H, H-5), 4.24 (dd, J = 4.8, 10.2 Hz, 1H, H-6b),
4.45 (t, J = 9.9 Hz, 1H, H-4), 4.65 (dd, J = 1.6, 3.2 Hz, 1H, H-2), 5.64
(s, 1H, PhCH), 5.70 (d, J = 1.2 Hz, 1H, H-1), 7.25−7.34 (m, 4H, Ar-
H), 7.37−7.47 (m, 5H, Ar-H), 7.51−7.60 (m, 4H, Ar-H), 7.51−7.60
(m, 2H, Ar-H), 8.06−8.11 (m, 2H, Ar-H). 13C NMR (126 MHz,
CDCl3): δ = 65.1 (C-5), 68.4 (C-6), 69.1 (C-2), 71.2 (C-3), 75.6 (C-
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4), 99.1 (C-1), 101.8 (PhCH), 110.8, 116.9, 118.6, 124.8, 126.0, 126.3,
127.2, 128.1, 128.3, 132.6, 133.2, 136.9, 143.5, 151.6 (25C, 24 Ar-C,
CN), 165.7 (CO). IR (KBr): ν = 3437 (vs, OH), 2227 (m, CN), 1721
(vs, CO) cm−1. ESI-MS: m/z: calcd for C33H26ClNNaO7 [M +
Na]+, 606.13; found, 606.11.
4′-(3-O-Benzoyl-4,6-O-benzylidene-2-O-bis[2-(trimethylsilyl)-
ethoxy]phosphoryl-α-D-mannopyranosyloxy)-3′-chloro-biphenyl-4-
carbonitrile (25). According to the general procedure, compound 24
(96.8 mg, 0.166 mmol) was reacted with 1,2,4-triazole (45.8 mg, 0.663
mmol) and bis[2-(trimethylsilyl)ethyl] N,N-diisopropylphosphorami-
dite (136 μL, 0.331 mmol) in MeCN (3.0 mL), followed by treatment
with 70% aq tert-butylhydroperoxide (91 μL, 0.663 mmol) to yield 25
(79.6 mg, 55%) as a 4:1-mixture of 2- and 3-phosphorylated isomers.
1H NMR (500 MHz, CDCl3): δ = −0.09, −0.02 (2s, 18H, 2
Si(CH3)3), 0.92−01.06 (m, 4H, 2 SiCH2), 3.87 (td, J = 4.5, 10.1 Hz,
1H, H-6a), 4.12 (m, 6H, H-5, H-6b, 2 OCH2), 4.36 (t, J = 9.9 Hz, 1H,
H-4), 5.17 (ddd, J = 1.7, 3.1, 9.1 Hz, 1H, H-2), 5.63 (s, 1H, PhCH),
5.81 (m, 1H, H-3), 5.84 (d, J = 1.5 Hz, 1H, H-1), 7.22−7.33 (m, 4H,
Ar-H), 7.37−7.45 (m, 4H, Ar-H), 7.46−7.56 (m, 2H, Ar-H), 7.57−
7.64 (m, 3H, Ar-H), 7.66−7.71 (m, 2H, Ar-H), 8.08−8.14 (m, 2H, Ar-
H). 13C NMR (126 MHz, CDCl3): δ = −1.7, −1.6 (6C, Si(CH3)3),
19.4 (d, J = 5 Hz, 2C, 2 SiCH2), 65.2 (C-5), 66.9 (t, J = 6 Hz, 2C, 2
OCH2), 68.4 (C-6), 69.1 (d, J = 5 Hz, C-3), 73.2 (d, J = 5 Hz, C-2),
75.4 (C-4), 97.8 (d, J = 2 Hz, C-1), 101.9 (PhCH), 111.1, 117.1, 118.6,
125.0, 126.2, 126.4, 127.3, 128.2, 128.3, 128.6, 129.0, 129.7, 129.9,
130.0, 132.6, 133.2, 134.9, 136.8, 143.5, 151.5 (25C, 24 Ar-C, CN),
165.6 (CO). ESI-MS: m/z: calcd for C49H67ClN2O10PSi2 [M + NEt3 +
H]+, 965.38; found, 965.53.
4′-(3-O-Benzoyl-2-O-phosphoryl-α-D-mannopyranosyloxy)-3′-
chloro-biphenyl-4-carbonitrile Disodium Salt (26). A solution of 25
(79.6 mg, 0.275 mmol) in dry DCM (1.5 mL) was treated with TFA
(150 μL) for 1 h at rt under argon. Then, a drop of water was added
and stirring continued for 30 min. The solvents were removed in
vacuo, and the residue was dissolved in H2O (1 mL) containing a drop
of 1 M aq NaOH and puriﬁed by MPLC on RP-18 (H2O/MeOH,
95:5−4:1) to yield 26 (34.7 mg, 61%) as a 4:1-mixture of 2- and 3-
phosphate. 1H NMR (500 MHz, CD3OD): δ = 3.78−3.90 (m, 3H, H-
5, H-6), 4.20 (t, J = 9.9 Hz, 1H, H-4), 5.01 (ddd, J = 2.0, 3.1, 9.4 Hz,
1H, H-2), 5.60−5.65 (td, J = 2.6, 10.1 Hz, 1H, H-3), 5.91 (d, J = 1.6
Hz, 1H, H-1), 7.45−7.53 (m, 3H, Ar-H), 7.57−7.65 (m, 2H, Ar-H),
7.75−7.81 (m, 5H, Ar-H), 8.15−8.18 (m, 2H, Ar-H). 13C NMR (126
MHz, CD3OD): δ = 62.2 (C-6), 65.3 (C-4), 73.9 (dd, J = 5.8 Hz, 2C,
C-2, C-3), 76.3 (C-5), 98.8 (d, J = 2 Hz, C-1), 112.0, 118.8, 119.7,
125.8, 127.9, 131.0, 133.9, 136.0, 145.0, 153.2 (19C, 18 Ar-C, CN),
167.8 (CO). ESI-MS: m/z: calcd for C26H22ClNO10P [M − 2Na +
H]−, 574.07; found, 574.21.
4′-(3-O-Allyl-α-D-mannopyranosyloxy)-3′-chloro-biphenyl-4-car-
bonitrile (27). A suspension of 4 (90.1 mg, 0.230 mmol) and
dibutyltin oxide (62.7 mg, 0.252 mmol) in toluene (4 mL) was stirred
for 6 h at 80 °C under argon. Then, tetrabutylammonium iodide (78.1
mg, 0.242 mmol) and allyl bromide (23 μL, 0.277 mmol) were added
to the still turbid mixture and stirring was continued for another 20 h
at 80 °C. Afterward, the solvent was removed in vacuo, and the residue
was puriﬁed by MPLC on RP-18 (H2O/MeOH) to yield 27 (54.7 mg,
55%) as a colorless solid. 1H NMR (500 MHz, CD3OD): δ = 3.65 (d,
J = 6.3 Hz, 1H, H-5), 3.72 (dd, J = 5.3, 12.0 Hz, 1H, H-6a), 3.78 (dd, J
= 2.5, 12.0 Hz, 1H, H-6b) 3.83−3.90 (m, 2H, H-3, H-4), 4.20−4.32
(m, 3H, H-2, allyl-H1a, allyl-H1b), 5.22 (dd, J = 1.7, 10.4 Hz, 1H, allyl-
H3a), 5.39 (dd, J = 1.7, 17.3 Hz, 1H, allyl-H3b), 5.64 (d, J = 1.8 Hz,
1H, H-1), 6.04 (ddt, J = 5.9, 10.4, 16.3 Hz, 1H, allyl-H2), 7.48 (d, J =
8.7 Hz, 1H, Ar-H), 7.60 (dd, J = 2.3, 8.6 Hz, 1H, Ar-H), 7.75 (d, J =
2.3 Hz, 1H, Ar-H), 7.76−7.80 (m, 4H, Ar-H). 13C NMR (126 MHz,
CD3OD): δ = 62.6 (C-6), 67.1 (C-4), 68.6 (C-2), 72.1 (allyl-C1), 76.1
(C-5), 79.6 (C-3), 100.5 (C-1), 111.8, 117.9 118.6, 119.8, 125.5, 127.9,
128.5, 129.8, 133.9, 135.5, 136.4, 145.1, 153.6 (15C, 12 Ar-C, CN,
allyl-C2, allyl-C3). ESI-MS: m/z: calcd for C22H22ClNNaO6 [M +
Na]+, 454.10; found, 453.89.
4′-(3-O-Allyl-2,4,6-tri-O-benzoyl-α-D-mannopyranosyloxy)-3′-
chloro-biphenyl-4-carbonitrile (28). To a solution of 27 (194 mg,
0.449 mmol) and DMAP (10 mg) in pyridine (5 mL) was added
benzoyl chloride (261 μL, 2.25 mmol) under argon. The mixture was
stirred at rt overnight. MeOH (1 mL) was added, and the mixture was
stirred for 10 min. Then, the solvents were removed under reduced
pressure and the residue was dissolved in DCM (20 mL) and washed
with 1 M aq HCl (10 mL) and satd aq NaHCO3 (10 mL). The
organic phase was dried (Na2SO4) and concentrated. The residue was
puriﬁed by MPLC on silica (petroleum ether/EtOAc) to yield 28 (292
mg, 87%) as a foam; [α]D
20 + 44.1 (c 1.46, CHCl3).
1H NMR (500
MHz, CDCl3): δ = 4.13 (m, 1H, allyl-H1a), 4.24 (dd, J = 5.4, 13.0 Hz,
1H, allyl-H1b), 4.42−4.49 (m, 2H, H-5, H-6a), 4.52 (dd, J = 3.3, 9.8
Hz, 1H, H-3), 5.16 (dd, J = 1.1, 10.3 Hz, 1H, allyl-H3a), 5.29 (dd, J =
1.5, 17.2 Hz, 1H, allyl-H3b), 5.79 (ddt, J = 5.9, 10.4, 16.7 Hz, 1H, allyl-
H2), 5.87 (d, J = 1.8 Hz, 1H, H-1), 5.91 (m, 1H, H-2), 5.98 (t, J = 9.8
Hz, 1H, H-4), 7.30−7.39 (m, 4H, Ar-H), 7.41−7.45 (m, 2H, Ar-H),
7.46−7.53 (m, 2H, Ar-H), 7.57−7.63 (m, 3H, Ar-H), 7.68 (m, 1H, Ar-
H), 7.70−7.74 (m 2H, Ar-H), 8.00−8.05 (m, 2H, Ar-H), 8.10−8.17
(m, 4H, Ar-H). 13C NMR (126 MHz, CDCl3): δ = 62.8 (C-6), 67.8
(C-4), 68.8 (C-2), 70.2 (C-5), 71.1 (allyl-C1), 73.9 (C-3), 96.5 (C-1),
111.1, 116.9, 118.2, 118.6, 124.4, 127.2, 128.4, 129.9, 132.6, 132.9,
133.3, 133.8, 143.3, 151.6 (33C, 30 Ar-C, CN, allyl-C2, allyl-C3),
165.4, 165.7, 166.0 (3 CO). ESI-MS: m/z: calcd for C43H34ClNNaO9
[M + Na]+, 766.18; found, 768.12.
4′-(2,4,6-Tri-O-benzoyl-α-D-mannopyranosyloxy)-3′-chloro-bi-
phenyl-4-carbonitrile (29). A ﬂask was charged with 28 (292 mg,
0.391 mmol), anhydrous PdCl2 (10.8 mg, 0.118 mmol), and a
magnetic stirring bar. The ﬂask was evacuated and ﬂushed with argon.
The procedure was repeated twice. Then, dry MeOH (4 mL) was
added and the mixture was stirred at 40 °C for 5 h. The mixture was
ﬁltered and the ﬁltrate concentrated in vacuo. The residue was puriﬁed
by MPLC on silica (petroleum ether/EtOAc) to yield 29 (231 mg,
84%); [α]D
20 + 55.0 (c 1.01, CHCl3).
1H NMR (500 MHz, CDCl3): δ
= 4.35−4.41 (m, 2H, H-5, H-6a), 4.57 (m, 1H, H-6b), 4.66 (dd, J =
3.4, 9.9 Hz, 1H, H-3), 5.65 (dd, J = 1.8, 3.4 Hz, 1H, H-2), 5.73 (t, J =
9.8 Hz, 1H, H-4), 5.81 (d, J = 1.7 Hz, 1H, H-1), 7.18−7.27 (m, 4H,
Ar-H), 7.34−7.45 (m, 5H, Ar-H), 7.49−7.59 (m, 5H, Ar-H), 7.62−
7.67 (m, 2H, Ar-H), 7.87−7.92 (m, 2H, Ar-H), 8.00−8.05 (m, 4H, Ar-
H). 13C NMR (126 MHz, CDCl3): δ = 62.7 (C-6), 68.8 (C-3), 69.8
(C-5), 69.9 (C-4), 72.3 (C-2), 96.1 (C-1), 111.2, 116.9, 118.7, 124.6,
127.3, 128.6, 128.9, 129.7, 132.7, 133.1, 133.8, 134.5, 151.5 (31C, 30
Ar-C, CN), 165.8, 165.9, 166.8 (3 CO). IR (KBr): ν = 3446 (m, OH),
2228 (m, CN), 1725 (vs, CO) cm−1. ESI-MS: m/z: calcd for
C40H30ClNNaO9 [M + Na]
+, 726.15; found, 726.49.
4′-(2,4,6-Tri-O-benzoyl-3-O-bis[2-(trimethylsilyl)ethoxy]-
phosphoryl-α-D-mannopyranosyloxy)-3′-chloro-biphenyl-4-carbon-
itrile (30). According to the general procedure, compound 29 (198
mg, 0.281 mmol) was reacted with 1,2,4-triazole (77.8 mg, 1.13 mmol)
and bis[2-(trimethylsilyl)ethyl] N,N-diisopropylphosphoramidite (232
μL, 0.563 mmol) in MeCN (3 mL), followed by treatment with 70%
aq tert-butylhydroperoxide (154 μL, 1.13 mmol) to yield 30 (89.1 mg,
32%); [α]D
20 + 35.9 (c 0.99, CHCl3).
1H NMR (500 MHz, CDCl3): δ
= −0.10, 0.00 (2s, 18H, 2 Si(CH3)3), 0.69−0.85 (m, 2H, SiCH2),
1.01−1.09 (m, 2H, SiCH2), 3.83−3.98 (m, 2H, OCH2), 4.09−4.21
(m, 2H, OCH2), 4.49−4.57 (m, 2H, H-5, H-6a), 4.67 (d, J = 10.1 Hz,
1H, H-6b), 5.55 (ddt, J = 3.4, 9.5 Hz, 1H, H-3), 5.92 (d, J = 1.6 Hz,
1H, H-1), 5.99 (dd, J = 1.9, 3.3 Hz, 1H, H-2), 6.12 (t, J = 9.8 Hz, 1H,
H-4), 7.34−7.40 (m, 4H, Ar-H), 7.48−7.58 (m, 5H, Ar-H), 7.63−7.73
(m, 5H, Ar-H), 7.76−7.80 (m, 2H, Ar-H), 8.03−8.06 (m, 2H, Ar-H),
8.17−8.20 (m, 2H, Ar-H), 8.21−8.25 (m, 2H, Ar-H). 13C NMR (126
MHz, CDCl3): δ = −1.9, −1.8 (6C, 2 Si(CH3)3), 19.0 (d, J = 6 Hz,
SiCH2), 19.3 (d, J = 6 Hz, SiCH2), 62.5 (C-6), 66.5 (d, J = 1 Hz,
OCH2), 66.6 (d, J = 1 Hz, OCH2), 67.3 (d, J = 5 Hz, C-4), 70.0 (C-5),
70.8 (d, J = 2 Hz, C-2), 72.6 (d, J = 5 Hz, C-3), 96.4 (C-1), 111.2,
117.4, 118.6, 124.9, 128.2, 129.1, 129.1, 129.6, 130.1, 132.6, 132.9,
133.5, 133.7, 135.0 (31C, 30 Ar-C, CN), 165.32, 165.34, 165.8 (3




phenyl-4-carbonitrile (31). According to a described procedure,47 a
solution of 4 (100 mg, 0.255 mmol) and dibutyltin oxide (340 mg,
0.562 mmol) in dry MeOH (5 mL) was stirred under reﬂux for 2 h at
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70 °C. Afterward, the solvent was removed in vacuo and the residue
was dissolved in dry MeCN (5 mL) and cooled to 0 °C. Then, a
solution of Ac2O (80 μL, 0.842 mmol) in dry MeCN (1 mL) was
added dropwise at 0 °C. The mixture was stirred at rt for 16 h. The
reaction was quenched with MeOH (1 mL), the solvents were
removed in vacuo, and the residue was puriﬁed by MPLC on silica
(petroleum ether/EtOAc) to yield 31 (27.0 mg, 21%); [α]D
20 + 63.6
(c 0.98, CHCl3).
1H NMR (500 MHz, CDCl3): δ = 2.06, 2.11, 2.16
(3s, 9H, 3 COCH3), 3.94 (t, J = 9.8 Hz, 1H, H-4), 2.02 (ddd, J = 2.1,
4.6, 9.9 Hz, 1H, H-5), 4.27 (dd, J = 2.1, 12.3 Hz, 1H, H-6a), 4.50 (dd, J
= 4.7, 12.3 Hz, 1H, H-6b), 5.47 (dd, J = 3.5, 9.7 Hz, 1H, H-3), 5.50
(dd, J = 1.8, 3.4 Hz, 1H, H-2), 5.58 (d, J = 1.6 Hz, 1H, H-1), 7.26 (m,
1H, Ar-H), 7.41 (dd, J = 2.3, 8.6 Hz, 1H, Ar-H), 7.59−7.62 (m, 3H,
Ar-H), 7.68−7.72 (m, 2H, Ar-H). 13C NMR (126 MHz, CDCl3): δ =
20.7, 20.8, 20.8 (3 COCH3), 62.8 (C-6), 65.5 (C-4), 69.4 (C-2), 71.1
(C-3), 72.2 (C-5), 96.7 (C-1), 111.2, 117.2, 118.7, 125.0, 126.4, 127.4,
129.2, 132.7, 134.9, 143.5, 151.6 (13C, 12 Ar-C, CN), 169.9, 170.8,
171.3 (3 CO). IR (KBr): ν = 3436 (vs, OH), 2229 (m, CN), 1756 (vs,




itrile (32). According to the general procedure, compound 31 (39.3
mg, 76 μmol) was reacted with 1,2,4-triazole (21.0 mg, 0.304 mmol)
and bis[2-(trimethylsilyl)ethyl] N,N-diisopropylphosphoramidite (63
μL, 0.152 mmol) in MeCN (1 mL), followed by treatment with 70%
aq tert-butylhydroperoxide (42 μL, 0.304 mmol) to yield 32 (37.3 mg,
62%); [α]D
20 + 65.0 (c 1.07, CHCl3).
1H NMR (500 MHz, CDCl3): δ
= 0.04, 0.05 (2s, 18H, 2 Si(CH3)3), 1.04−1.14 (m, 4H, 2 SiCH2), 2.04,
2.13, 2.20 (3s, 9H, 3 COCH3), 4.08−4.19 (m, 5H, H-5, 2 OCH2), 4.33
(dd, J = 5.2, 12.3 Hz, 1H, H-6a), 4.42 (dd, J = 2.0, 12.3 Hz, 1H, H-6b),
4.79 (q, J = 9.6 Hz, 1H, H-4), 5.51 (dd, J = 1.8, 3.5 Hz, 1H, H-2), 5.59
(d, J = 1.7 Hz, 1H, H-1), 5.68 (dd, J = 3.6, 9.7 Hz, 1H, H-3) 7.27 (m,
1H, Ar-H), 7.43 (dd, J = 2.3, 8.6 Hz, 1H, Ar-H), 7.60−7.65 (m, 3H,
Ar-H), 7.70−7.74 (m, 2H, Ar-H). 13C NMR (126 MHz, CDCl3): δ =
−1.6, −1.5 (6C, 2 Si(CH3)3), 19.5, 19.6 (2 SiCH2), 20.7, 20.8, 20.9 (3
COCH3), 62.2 (C-6), 66.7 (d, J = 2 Hz, OCH2), 66.8 (d, J = 1 Hz,
OCH2), 68.8 (d, J = 2 Hz, C-3), 69.5 (C-2), 70.4 (d, J = 6 Hz) and
70.5 (d, J = 5 Hz) (C-4, C-5), 96.4 (C-1), 111.3, 117.3, 118.6, 125.0,
126.4, 127.4, 129.2, 132.7, 135.1, 143.5, 151.6 (13C, 12 Ar-C, CN),
169.7, 169.9, 170.3 (3 CO). IR (KBr): ν = 2229 (m, CN), 1753 (vs,
CO) cm−1. ESI-MS: m/z: calcd for C35H49ClNNaO12PSi2 [M +
Na]+, 820.21; found, 820.14.
3′-Chloro-4′-(6-O-trityl-α-D-mannopyranosyloxy)-biphenyl-4-car-
bonitrile (33). To a solution of 4 (150 mg, 0.383 mmol) in pyridine
were added trityl chloride (128 mg, 0.459 mmol) and DMAP (5 mg).
The mixture was stirred at 80 °C for 16 h. Then, the solvent was
removed in vacuo and the residue was puriﬁed by MPLC on silica
(petroleum ether/EtOAc, + 0.5% NEt3) to yield 33 (189 mg, 80%).
1H NMR (500 MHz, CD3OD): δ = 3.30 (dd, J = 7.5, 16.1 Hz, 1H, H-
6a), 3.46 (d, J = 9.3 Hz, 1H, H-6b), 3.63 (t, J = 9.7 Hz, 1H, H-4), 3.88
(t, J = 9.0 Hz, 1H, H-5), 4.02 (dd, J = 3.3, 9.4 Hz, 1H, H-3), 4.20 (m,
1H, H-2), 5.75 (s, 1H, H-1), 7.03−7.16 (m, 10H, Ar-H), 7.26−7.35
(m, 6H, Ar-H), 7.55 (d, J = 8.3 Hz, 2H, Ar-H), 7.58−7.64 (m, 3H, Ar-
H), 7.70 (d, J = 2.0 Hz, 2H, Ar-H). 13C NMR (126 MHz, CD3OD): δ
= 65.0 (C-6), 68.7 (C-4), 71.5 (C-2), 72.6 (C-3), 75.0 (C-5), 87.54
(CPh3), 99.9 (C-1), 111.7, 118.7, 119.7, 127.7, 127.8, 128.3, 129.7,
133.7, 134.9, 144.7, 145.3, 153.3 (31C, 30 Ar-C, CN). ESI-MS: m/z:
calcd for C59H44ClNNaO9 [M + Na]
+, 656.18; found, 656.15.
4′-(2,3,4-Tri-O-benzoyl-6-O-trityl-α-D-mannopyranosyloxy)-3′-
chloro-biphenyl-4-carbonitrile (34). Prepared according to the
procedure described for 28 from 33 (189 mg, 0.299 mmol), benzoyl
chloride (173 μL, 1.21 mmol), and DMAP (10 mg) to yield 34 (223
mg, 79%); [α]D
20 + 8.1 (c 1.10, CHCl3).
1H NMR (500 MHz,
CDCl3): δ = 3.42−3.50 (m, 2H, H-6), 4.39 (m, 1H, H-5), 6.05 (d, J =
1.5 Hz, 1H, H-1), 6.10 (dd, J = 1.9, 3.2 Hz, 1H, H-2), 6.15 (dd, J = 3.3,
10.1 Hz, 1H, H-3), 6.23 (t, J = 10.1 Hz, 1H, H-4), 7.10−7.19 (m, 9H,
Ar-H), 7.28−7.39 (m, 4H, Ar-H), 7.41−7.60 (m, 12H, Ar-H), 7.63−
7.71 (m, 3H, Ar-H), 7.81−7.85 (m, 2H, Ar-H), 7.93−7.98 (m, 2H, Ar-
H), 8.23−8.28 (m, 2H, Ar-H). 13C NMR (126 MHz, CDCl3): δ = 62.0
(C-6), 66.7 (C-4), 70.0 (C-3), 70.3 (C-2), 71.6 (C-5), 86.6 (CPh3),
96.4 (C-1), 111.0, 118.6, 124.8, 126.5, 126.8, 127.2, 127.6, 128.1,
128.2, 128.4, 128.6, 128.9, 128.97, 129.02, 129.55, 129.61, 129.8,
132.5, 133.1, 133.6, 134.6, 143.4, 143.5, 151.6 (49C, 48 Ar-C, CN),
165.0, 165.3, 165.4 (3 CO). IR (KBr): ν = 2227 (m, CN), 1731 (vs,
CO) cm−1. ESI-MS: m/z: calcd for C59H44ClNNaO9 [M + Na]+,
968.26; found, 968.47.
4′-(2,3,4-Tri-O-benzoyl-α-D-mannopyranosyloxy)-3′-chloro-bi-
phenyl-4-carbonitrile (35). Prepared according to the procedure
described for 21 by reacting 34 (122 mg, 0.129 mmol) with FeCl3
(41.8 mg, 0.258 mmol) and water (27.9 μL, 1.55 mmol) in DCM (10
mL) for 5 h to yield 35 (77.4 mg, 85%); [α]D
20 + 6.2 (c 1.02, CHCl3).
1H NMR (500 MHz, CDCl3): δ = 3.80 (qd, J = 2.7, 13.1 Hz, 2H, H-6)
4.25 (d, J = 10.0 Hz, 1H, H-5), 5.95 (s, 1H, H-1), 5.96−6.03 (m, 2H,
H-2, H-4), 6.29 (dd, J = 3.4, 10.2 Hz, 1H, H-3), 7.25−7.32 (m, 2H, Ar-
H), 7.38−7.56 (m, 8H, Ar-H), 7.61−7.73 (m, 6H, Ar-H), 7.88 (d, J =
7.3 Hz, 2H, Ar-H), 8.01 (d, J = 7.3 Hz, 2H, Ar-H), 8.14 (d, J = 7.2 Hz,
2H, Ar-H). 13C NMR (125 MHz, CDCl3): δ = 60.9 (C-6), 66.8 (C-4),
69.2 (C-3), 70.2 (C-2), 72.3 (C-5), 96.6 (C-1), 111.2, 117.0, 118.6,
124.9, 126.5, 127.3, 128.3, 128.4, 128.5, 128.7, 128.9, 129.2, 129.6,
129.90, 129.91, 132.7, 133.3, 133.7, 133.8, 134.9, 143.5, 151.6 (31C, 30
Ar-C, CN), 165.37, 165.43, 166.6 (3 CO). IR (KBr): ν = 3436 (vs,
OH), 2228 (m, CN), 1731 (vs, CO) cm−1. ESI-MS: m/z: calcd for
C40H30ClNNaO9 [M + Na]
+, 726.15; found, 726.24.
4′-(2,3,4-Tri-O-benzoyl-6-O-bis[2-(trimethylsilyl)ethoxy]-
phosphoryl-α-D-mannopyranosyloxy)-3′-chloro-biphenyl-4-carbon-
itrile (36). According to the general procedure, compound 35 (61.3
mg, 87 μmol) was reacted with 1,2,4-triazole (24.1 mg, 0.348 mmol)
and bis[2-(trimethylsilyl)ethyl] N,N-diisopropylphosphoramidite (72
μL, 0.174 mmol) in MeCN (2 mL), followed by treatment with 70%
aq tert-butylhydroperoxide (48 μL, 0.348 mmol) to yield 36 (50.8 mg,
59%). 1H NMR (500 MHz, CDCl3): δ = −0.07, −0.04 (2 s, 18H, 2
Si(CH3)3) 0.94−1.03 (m, 4H, 2 SiCH2), 4.03−4.15 (m, 4H, 2 OCH2),
4.26 (dd, J = 3.8, 5.6 Hz, 2H, H-6), 4.52 (m, 1H, H-5), 5.86 (d, J = 1.7
Hz, 1H, H-1), 5.97 (dd, J = 2.0, 3.2 Hz, 1H, H-2), 6.07 (t, J = 10.1 Hz,
1H, H-4), 6.15 (dd, J = 3.3, 10.1 Hz, 1H, H-3), 7.27−7.33 (m, 2H, Ar-
H), 7.37−7.54 (m, 8H, Ar-H), 7.61−7.76 (m, 6H, Ar-H), 7.85−7.89
(m, 2H, Ar-H), 7.95−8.00 (m, 2H, Ar-H), 8.11−8.15 (m, 2H, Ar-
H).13C NMR (126 MHz, CDCl3): δ = −1.65, −1.64 (6C, 2
Si(CH3)3), 19.4 (d, J = 6 Hz, SiCH2), 19.5 (d, J = 6 Hz, SiCH2),
65.3 (d, J = 5 Hz, C-6), 66.1 (C-4), 66.4 (d, J = 6 Hz, 2C, 2 OCH2),
69.5 (C-3), 70.1 (C-2), 70.8 (d, J = 8 Hz, C-5), 96.9 (C-1), 111.3,
117.7, 118.6, 125.1, 126.7, 127.4, 128.3, 128.4, 128.7, 128.8, 128.9,
129.0, 129.2, 129.7, 129.8, 130.0, 132.7. 133.3, 133.5, 133.7, 135.2,
143.5, 151.9 (31C, 30 Ar-C, CN), 165.2, 165.35, 165.39 (3 CO). ESI-




nopyranoside (37). To a solution of compound 21 (469 mg, 0.726
mmol) in Ac2O (2.5 mL) and AcOH (0.25 mL) was added DMSO
(2.5 mL). The mixture was stirred at rt for 24 h, then diluted with
EtOAc (50 mL) and washed with satd aq NaHCO3 (2 × 20 mL) and
H2O (2 × 20 mL) and brine (20 mL). The organic layer was dried
over Na2SO4 and the solvents removed under diminished pressure.
The residue was puriﬁed by MPLC on silica (petroleum ether/EtOAc,
9:1−6:1) to yield 37 (171 mg, 35%), which contained some impurities
but was used in the next step without further puriﬁcation.
Biphenyl 2,3,4-Tri-O-benzoyl-6-O-(phosphonooxy)-methyl-α-D-
mannopyranoside (38). Compound 37 (170 mg, 0.250 mmol) was
dissolved in a premixture of H3PO4 (147 mg, 1.50 mmol) in THF (1.5
mL). Then, N-iodosuccinimide (84.0 mg, 0.375 mmol) was added and
the mixture was stirred for 15 min at 0 °C and for 1 h at rt. The
reaction was then quenched with 1 M aq Na2S2O3, diluted with DCM/
MeOH (20 mL, 4:1), and washed with satd aq NaHCO3 (10 mL).
The organic layer was dried over Na2SO4, and the solvents were
removed in vacuo at <20 °C. The residue was puriﬁed by MPLC on
silica (DCM/MeOH, 1:0−3.5:1) to yield 38 (110 mg, 58%). 1H NMR
(CD3OD, 500 MHz): δ = 3.90 (dd, J = 4.5, 11.6 Hz, 1H, H-6a), 4.01
(d, J = 10.2 Hz, 1H, H-6b), 4.47 (m, 1H, H-5), 5.06 (A of ABX, J =
5.5, 9.5 Hz, 1H, CH2), 5.16 (B of ABX, J = 5.5, 9.1 Hz, 1H, CH2), 5.89
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(s, 1H, H-1), 5.92 (s, 1H, H-2), 6.05 (m, 2H, H-4, H-3), 7.26−7.68
(m, 18 H, Ar-H), 7.79 (d, J = 7.6 Hz, 2H, Ar-H), 7.96 (d, J = 7.6 Hz,
2H, Ar-H), 8.13 (d, J = 7.5 Hz, 2H, Ar-H). 13C NMR (CD3OD, 126
MHz): δ = 68.2 (C-4), 68.7 (C-6), 71.5 (C-2), 71.86 (C-5), 71.9 (C-
3), 92.8 (d, J = 4 Hz, CH2), 97.6 (C-1), 118.4, 127.7, 128.0, 129.3,
129.4, 129.6, 129.8, 129.9, 130.3, 130.4, 130.5, 130.6, 130.7, 130.9,
134.5, 134.6, 134.9, 137.4, 141.8, 156.8 (30C, Ar-C), 166.8, 167.0 (3C,




silyldimethyl)-α-D-mannopyranoside (39). To a solution of 520 (709
mg, 1.69 mmol) in pyridine were added tert-butyldimethylsilyl chloride
(319 mg, 2.12 mmol) and DMAP (20.6 mg), and the mixture was
stirred at rt overnight. Then, a solution of benzoyl chloride (0.98 mL,
8.45 mmol) in pyridine (2.0 mL) was added and the mixture was
stirred at rt for 2 h. The mixture was diluted with DCM (30 mL) and
subsequently washed with 0.1 M aq HCl (10 mL) and satd aq
NaHCO3 (10 mL). The organic layer was dried over Na2SO4, ﬁltered,
and the solvent removed in vacuo. The residue was puriﬁed by MPLC
on silica (petroleum ether/EtOAc, 9:1−7:3) to yield crude 39 (1.43 g,
quant) as a yellow solid, which was used in the next step without
further puriﬁcation. 1H NMR (CDCl3, 500 MHz): δ = −0.01 (s, 3H,
Si(CH3)2), 0.00 (s, 3H, Si(CH3)2), 0.87 (s, 9H, C(CH3)3), 3.22 (t, J =
8.5 Hz, 2H, CH2), 3.83 (dd, J = 2.3, 11.5 Hz, 1H, H-6a), 3.88 (dd, J =
4.7, 11.5 Hz, 1H, H-6b), 4.10 (t, J = 8.7 Hz, 2H, NCH2), 4.43 (m, 1H,
H-5), 5.77 (d, J = 1.8 Hz, 1H, H-1), 5.87 (m, 1H, H-2), 6.03−6.15 (m,
2H, H-3, H-4), 6.77 (d, J = 8.9 Hz, 1H, Ar-H), 7.22−7.31 (m, 6H, Ar-
H), 7.38 (t, J = 7.8 Hz, 2H, Ar-H), 7.41−7.55 (m, 5H, Ar-H), 7.60−
7.67 (m, 1H, Ar-H), 7.88 (dd, J = 1.2, 8.3 Hz, 2H, Ar-H), 7.94−8.01
(m, 3H, Ar-H), 8.03 (dd, J = 2.3, 8.9 Hz, 1H, Ar-H), 8.14 (dd, J = 1.2,
8.3 Hz, 1H, Ar-H). 13C NMR (CDCl3, 126 MHz): δ = −5.51, −5.50
(Si(CH3)2), 25.8 (3C, C(CH3)3), 27.1 (CH2), 53.7 (NCH2), 62.1 (C-
6), 66.6 (C-3), 70.3, 70.4 (C-2, C-4), 72.3 (C-5), 96.4 (C-1), 105.3,
118.0, 121.1, 122.0, 126.1, 128.3, 128.4, 128.43, 128.6, 129.1, 129.2,
129.3, 129.7, 129.8, 130.0, 131.0, 133.2, 133.3, 133.6, 136.8, 139.1,
152.8, 153.8 (30C, Ar-C), 165.3, 165.6, 165.7 (3 CO). ESI-MS: m/z:
calcd for C47H48N2NaO11Si [M + Na]
+, 867.29; found, 867.25.
4-(5-Nitroindolin-1-yl)phenyl-2,3,4-tri-O-benzoyl-α-D-mannopyr-
anoside (40). A solution of 39 (1.43 g, 1.69 mmol) in DCM/MeOH
(16 mL, 1:1) was treated with 1 M H2SO4 in MeOH (1.6 mL) for 1.5
h at rt. The reaction mixture was neutralized with NEt3, and the
solvents were removed in vacuo. The residue was puriﬁed by MPLC
on silica (petroleum ether/EtOAc, 3:1−3:2) to yield 40 (900 mg,
73%). 1H NMR (CDCl3, 500 MHz): δ = 3.22 (t, J = 8.6 Hz, 2H,
CH2), 3.77 (dd, J = 3.3, 13.0 Hz, 1H, H-6a), 3.84 (dd, J = 1.8, 13.0 Hz,
1H, H-6b), 4.11 (t, J = 9.4 Hz, 2H, NCH2), 4.20 (m, 1H, H-5), 5.83
(d, J = 1.6 Hz, 1H, H-1), 5.88 (dd, J = 1.9, 3.3 Hz, 1H, H-2), 5.96 (t, J
= 10.1 Hz, 1H, H-4), 6.22 (dd, J = 3.4, 10.2 Hz, 1H, H-3), 6.78 (d, J =
8.9 Hz, 1H, Ar-H), 7.21−7.34 (m, 6H, Ar-H), 7.37−7.43 (m, 3H, Ar-
H), 7.45 (t, J = 7.4 Hz, 1H, Ar-H), 7.50−7.57 (m, 3H, Ar-H), 7.65 (t, J
= 7.5 Hz, 1H, Ar-H), 7.84−7.89 (m, 2H, Ar-H), 7.97−8.02 (m, 3H,
Ar-H), 8.04 (dd, J = 2.3, 8.9 Hz, 1H, Ar-H), 8.12−8.16 (m, 2H, Ar-H).
13C NMR (CDCl3, 126 MHz): δ = 27.1 (CH2), 53.7 (NCH2), 61.1
(C-6), 67.0 (C-4), 69.3 (C-3), 70.4 (C-2), 71.8 (C-5), 96.4 (C-1),
105.4, 117.6, 121.1, 122.0, 126.1, 127.0, 128.3, 128.4, 128.5, 128.6,
128.7, 129.0, 129.03, 129.5, 129.7, 129.9, 130.0, 131.1, 133.4, 133.77,
133.8, 137.0, 139.2, 152.5, 153.6 (30C, Ar-C), 165.5, 165.6, 166.6 (3




(methylthio)methyl α-D-mannopyranoside (41). Degassed DMSO
(2.5 mL) was added to a degassed mixture of 40 (200 mg, 0.273
mmol) in Ac2O (1.65 mL) and HOAc (0.5 mL). The mixture was
stirred at rt overnight, then diluted with EtOAc (20 mL) and
subsequently washed with satd aq NaHCO3 (2 × 10 mL), H2O (2 ×
10 mL), and brine (10 mL). The organic layer was dried over Na2SO4
and concentrated. The residue was puriﬁed by MPLC on silica
(petroleum ether/EtOAc, 3:1−7:3) to yield 41 (160 mg, 74%). 1H
NMR (CDCl3, 500 MHz): δ = 2.08 (s, 3H, CH3), 3.23 (t, J = 8.6 Hz,
2H, CH2), 3.72 (dd, J = 2.4, 11.1 Hz, 1H, H-6a), 3.89 (dd, J = 4.5, 11.2
Hz, 1H, H-6b), 4.12 (m, 2H, NCH2), 4.43 (m, 1H, H-5), 4.61, 4.72
(A, B of ABX, J = 11.6 Hz, 2H, CH2), 5.79 (d, J = 1.6 Hz, 1H, H-1),
5.86 (m, 1H, H-2), 6.03−6.11 (m, 2H, H-3, H-4), 6.78 (d, J = 8.9 Hz,
1H, Ar-H), 7.22−7.33 (m, 7H, Ar-H), 7.36−7.42 (m, 2H, Ar-H), 7.46
(t, J = 7.4 Hz, 1H, Ar-H), 7.48−7.56 (m, 3H, Ar-H), 7.64 (t, J = 7.5
Hz, 1H, Ar-H), 7.85−7.91 (m, 2H, Ar-H), 7.96−8.01 (m, 3H, Ar-H),
8.04 (dd, J = 2.2, 8.8 Hz, 1H, Ar-H), 8.10−8.17 (m, 2H, Ar-H). 13C
NMR (CDCl3, 126 MHz): δ = 13.9 (CH3), 27.1 (CH2), 53.7 (NCH2),
66.3 (C-6), 67.8 (C-4), 70.1 (C-3), 70.4 (C-2), 71.7 (C-5), 75.9
(CH2), 96.5 (C-1), 105.4, 117.9, 121.1, 122.0, 126.1, 128.4, 128.5,
128.7, 129.0, 129.2, 129.7, 129.8, 131.0, 131.1, 133.3, 133.4, 133.7,
137.0, 139.2, 152.7, 153.7 (30C, Ar-C), 165.5, 165.60, 165.62 (3 CO).




nooxy)-methyl α-D-manno-pyranoside (42). Compound 41 (400
mg, 0.500 mmol) was dissolved in a mixture of H3PO4 (366 mg, 3.73
mmol) in THF (5 mL). Then, N-iodosuccinimide (225 mg, 1.00
mmol) was added and the mixture was stirred for 15 min at 0 °C and
for 1 h at rt. The reaction was quenched with 1 M aq Na2S2O3 and
28% aq ammonia (2 mL), then the volatiles were removed in vacuo at
<30 °C. The residue was puriﬁed by MPLC on silica (DCM/[MeOH/
H2O 10:1], 1:0−3.5:1) to yield slightly impure 42 (278 mg, 67%),
which was used in the next step without further puriﬁcation.
Physicochemical and Pharmacokinetic Characterization.
Materials. Dimethyl sulfoxide (DMSO), hydrochloric acid ≥37%
(HCl), pepsin (from porcine gastric mucosa, ≥ 250 units/mg solid),
pancreatin (from porcine pancreas, 4× USP speciﬁcations), acetic acid,
sodium taurocholate hydrate, lecithin, sodium acetate trihydrate,
maleic acid, glyceryl monooleate, sodium oleate, Dulbecco’s Modiﬁed
Eagle’s Medium (DMEM)-high glucose, L-glutamine solution,
penicillin−streptomycin solution, Dulbecco’s Phosphate Buﬀered
Saline (DPBS), and trypsin-EDTA solution were purchased from
Sigma-Aldrich (St. Louis, MO, USA). MEM nonessential amino acid
(MEM-NEAA) solution, fetal bovine serum (FBS), and DMEM
without sodium pyruvate and phenol red were bought from Invitrogen
(Carlsbad, CA, USA). Methanol (MeOH), acetonitrile (MeCN), and
dichloromethane (DCM) were obtained from Acros Organics (Geel,
Belgium). Monopotassium phosphate (KH2PO4) and sodium
hydroxide (NaOH) were bought from Merck (Merck KGaA,
Darmstadt, Germany). Sodium chloride (NaCl) was purchased from
Han̈seler (Han̈seler AG, AR, Switzerland). Long-life, heat-treated and
homogenized milk (UHTmilk) containing 3.5% fat was bought from
Coop (Coop Qualite ́ & Prix, Switzerland). The Caco-2 cells were
kindly provided by Prof. G. Imanidis, FHNW, Muttenz, and originated
from the American Type Culture Collection (Rockville, MD, USA).
Aqueous Solubility. Microanalysis tubes (LaboTech J. Stofer LTS
AG, Muttenz, Switzerland) were charged with 500 μg of solid
substance and 100 μL of phosphate buﬀer (50 mM, pH 6.5). The tubes
were brieﬂy shaken by hand, sonicated for 15 min, and vigorously
shaken (600 rpm, 25 °C, 2 h) on an Eppendorf Thermomixer Comfort
(Eppendorf, Hamburg, Germany). Afterward, they were left
undisturbed for 24 h. Then, the compound solutions were ﬁltered
(MultiScreen HTS 96-well ﬁltration system, Millipore, Billerica, MA)
by centrifugation (1500 rpm, 25 °C, 3 min). The ﬁltrates were further
diluted with buﬀer (1:1000 and 1:10000), and the concentrations were
determined by LC-MS (see below).
Colorectal Adenocarcinoma (Caco-2) Cell Permeation Assay and
Hydrolysis Studies. Caco-2 cells were cultivated in tissue culture ﬂasks
(BD Biosciences, Franklin Lakes, NJ, USA) with DMEM high glucose
medium, containing L-glutamine (2 mM), nonessential amino acids
(0.1 mM), penicillin (100 U/mL), streptomycin (100 μg/mL), and
fetal bovine serum (10%). The cells were kept at 37 °C in humidiﬁed
air containing 5% CO2, and the medium was changed every second
day. When approximately 90% conﬂuence was reached, the cells were
split in a 1:10 ratio and distributed to new tissue culture ﬂasks. At
passage numbers between 60 and 65, they were seeded at a density of
5.3 × 105 cells per well to Transwell six-well plates (Corning Inc.,
Corning, NY, USA) with 2.5 mL of culture medium in the basolateral
and 2.0 mL in the apical compartment. The medium was renewed on
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alternate days. Enzymatic hydrolysis and permeation experiments were
performed between days 19 and 21 post seeding. Prior to the
experiment, the integrity of the Caco-2 monolayers was evaluated by
measuring the transepithelial electrical resistance (TEER) with an
Endohm tissue resistance instrument (World Precision Instruments
Inc., Sarasota, FL, USA). Only wells with TEER values higher than 250
Ω cm2 were used. After the experiment, TEER values were assessed
again for each well, and results from wells with values below 250 Ω
cm2 were discarded.
Permeation experiments with the compounds 3−5 were performed
in the apical-to-basolateral and basolateral-to-apical directions in
triplicates. Transport medium (DMEM without sodium pyruvate and
phenol red) was withdrawn from the donor compartments of three
wells and replaced by the same volume of compound stock solution
(10 mM in DMSO) to reach an initial sample concentration of 62.5
μM. The Transwell plate was shaken (600 rpm, 37 °C) on a Heidolph
Titramax 1000 plate-shaker (Heidolph Instruments GmbH & Co. KG,
Schwabach, Germany). Samples (40 μL) were withdrawn from the
donor and acceptor compartments 30 min after initiation of the
experiment, and the compound concentrations were determined by










where dQ/dt is the compound ﬂux (mol s−1), A the surface area of the
monolayer (cm2), and c0 the initial concentration in the donor
compartment (mol cm−3).19
Hydrolysis studies with the compounds 6a−e, 7a−d, and 8 were
performed in triplicates. Transport medium was withdrawn from the
apical compartments of three wells and replaced by the same volume
of compound stock solution (10 mM in H2O) to reach an initial
sample concentration of 62.5 μM. The Transwell plate was shaken
(600 rpm, 37 °C) on a Heidolph Titramax 1000 plate-shaker. Samples
(40 μL) were withdrawn from the apical compartment 10, 20, 30, 45,
and 60 min after the initiation of the experiment and the
concentrations of prodrug were determined by LC-MS. Metabolic
half-life (t1/2) was calculated from the slope of the linear regression
from the natural log remaining compound concentration versus
incubation time relationship.
Studies of hydrolysis and subsequent permeation in the apical-to-
basolateral and basolateral-to-apical directions were performed with
compound 7b in triplicate. Transport medium was withdrawn from
the apical or basal donor compartments of three wells and replaced by
the same volume of compound stock solution (10 mM in H2O) to
reach an initial sample concentration of 62.5 μM. The Transwell plate
was shaken (600 rpm, 37 °C) on a Heidolph Titramax 1000 plate-
shaker. Samples (40 μL) were withdrawn form the apical and basal
compartments 60 min after the initiation of the experiment, and the
concentrations of prodrug 7b and active principle 4 were determined
by LC-MS.
Studies of hydrolysis and subsequent permeation in the apical-to-
basolateral direction were performed with the compounds 6e, 7b, and
8 at diﬀerent concentrations (100, 200, or 400 μM) in duplicate.
Transport medium was withdrawn from the apical compartments of
two wells and replaced by the same volume of compound stock
solution (16, 32, or 64 mM in H2O) to reach initial sample
concentrations of 100, 200, or 400 μM. The Transwell plate was
shaken (600 rpm, 37 °C) on a Heidolph Titramax 1000 plate-shaker.
Samples (40 μL) were withdrawn from the basal compartments 60
min after the initiation of the experiment and the concentrations of
prodrug 6e, 7b, and 8 as well as active principle 3−5, respectively,
were determined by LC-MS.
Stability Studies in Biorelevant Media. Biorelevant media were
prepared according to United States Pharmacopea (USP) speciﬁca-
tions and Dressman et al.51,52 as described below and are considered to
be stable at ambient storage conditions for at least 72 h.55 Table S1
(see Supporting Information) shows the composition of these
biorelevant media used to mimic gastric and intestinal condi-
tions.51,52,55
Simulated Gastric Fluid (sGF) and Simulated Intestinal Fluid (sIF).
sGF and sIF were prepared according to the United States
Pharmacopeia (USP 28).51 For the preparation of sGF, sodium
chloride, and pepsin were mixed in bidistilled water and then the pH
was adjusted to 1.2 by adding 37% aq HCl. For sIF, monopotassium
phosphate and pancreatin were mixed in bidistilled water and then the
pH was adjusted to 6.8 by adding 0.2 M NaOH. In parallel, two buﬀer
solutions were prepared equally to sGF and sIF, without pepsin (buﬀer
sGF) and pancreatin (buﬀer sIF), respectively.
Fasted State Simulated Gastric Fluid (FaSSGF). First, a NaCl
solution was prepared and its pH was adjusted to 1.6 with 37% aq
HCl. The solution was then transferred into a round-bottom ﬂask, and
sodium taurocholate hydrate was dissolved by continuous stirring.
Then, a freshly prepared solution of lecithin in dichloromethane
(DCM) (100 mg/mL) was added. The resulting emulsion was turbid.
The DCM was then evaporated at 40 °C. For the ﬁrst 15 min, the
pressure was kept at 650 mbar. It was then decreased stepwise to a
ﬁnal pressure of 100 mbar and maintained for another 15 min. The
product was a clear solution, having no perceptible smell of DCM.
Next, pepsin was added under continuous stirring and, as a last step,
the pH (1.6) and the volume of the solution were adjusted.
Fed State Simulated Gastric Fluid (FeSSGF). Sodium acetate
trihydrate and NaCl were dissolved in bidistilled water. Acetic acid was
added followed by a pH adjustment to 5.0 with 0.2 M NaOH. The
resulting solution was mixed 1:1 with ultrahigh temperature milk.
Fasted State Simulated Intestinal Fluid (FaSSIF). Blank buﬀer was
prepared using appropriate amounts of NaCl, sodium hydroxide, and
maleic acid in bidistilled water, and the pH was then adjusted to 6.5
with 0.2 M NaOH. The solution was then transferred into a round-
bottom ﬂask and sodium taurocholate hydrate was added under
continuous stirring. Afterward, a freshly prepared solution of lecithin in
DCM (100 mg/mL) was added. The resulting emulsion was turbid.
The DCM was then evaporated at 40 °C (same procedure as for the
FaSSGF). As a last step, the volume and pH (6.5) of the solution were
adjusted again.
Fed State Simulated Intestinal Fluid (FeSSIF). Blank buﬀer was
prepared using appropriate amounts of NaCl, sodium hydroxide, and
maleic acid in bidistilled water, and the pH was then adjusted to 5.8
with 0.2 M NaOH. The solution was transferred into a round-bottom
ﬂask, and sodium taurocholate hydrate was added under continuous
stirring. Afterward, a freshly prepared solution of lecithin in
dichloromethane (DCM) (100 mg/mL) was added. The resulting
emulsion was turbid. The DCM was then evaporated at 40 °C (same
procedure as for the FaSSGF). A freshly prepared solution of glyceryl
monooleate in DCM (50 mg/mL) was added, and a second
evaporation step was performed. Next, appropriate amounts of sodium
oleate and pancreatin were added slowly under continuous stirring
and, as a last step, the volume and pH (5.8) of the solution were
adjusted again.
Stability Assay. All ﬂuids were preheated at 37 °C. The compounds
(7a, 7c, and 7d) were then added to yield 20 μM solutions (t = 0
min). Incubations were performed on a Heidolph 1000 incubator (500
rpm, 37 °C). After an incubation time of 0, 10, 20, 30, 60, and 120
min, samples (30 μL) were withdrawn, precipitated with ice-cooled
methanol (120 μL), put into the freezer (−20 °C, 10 min), and then
centrifuged (13200 rpm, 3 min). The supernatant was transferred into
a 96-well plate. The concentration of analyte in the supernatant was
analyzed by LC-MS.
LC-MS Measurement. Analyses were performed using an 1100/
1200 series HPLC system coupled to a 6410 triple quadrupole mass
detector (Agilent Technologies, Inc., Santa Clara, CA, USA) equipped
with electrospray ionization. The system was controlled with the
Agilent MassHunter workstation data acquisition software (version
B.01.04). The column used was an Atlantis T3 C18 column (2.1 mm
× 50 mm) with a 3 μm particle size (Waters Corp., Milford, MA,
USA). The mobile phase consisted of two eluents: eluent A (H2O,
containing 0.1% formic acid, v/v for compounds 5, 6a−e, 7c, 7d, and
8; ammonium acetate buﬀer, 10 mM, pH 5 for compounds 3 and 4;
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formiate buﬀer, 10 mM, pH 3 for compounds 7a and 7b) and eluent B
(MeCN, containing 0.1% formic acid, v/v), delivered at 0.6 mL/min.
The gradient was ramped from 95% A/5% B to 5% A/95% B over 1
min and then held at 5% A/95% B for 0.1 min. The system was then
brought back to 95% A/5% B, resulting in a total duration of 4 min.
MS parameters such as fragmentor voltage, collision energy, polarity
were optimized individually for each analyte, and the molecular ion
was followed for each compound in the multiple reaction monitoring
mode. The concentrations of the analytes were quantiﬁed by the
Agilent Mass Hunter quantitative analysis software (version B.01.04).
In Vivo Pharmacokinetics. For the PK studies, eight-week-old
female C3H/HeN mice (21−27 g) from Harlan (Venray, The
Netherlands) were purchased. The mice were housed in groups of
three to ﬁve per cage and kept under speciﬁc pathogen-free conditions
in the Animal House of the Department of Biomedicine, University
Hospital of Basel. For experimentation, all guidelines according to the
Swiss veterinary law were followed. The animals were kept in a 12 h/
12 h light/dark cycle and had chow and water ad libitum. After 1 week
of acclimatization, the mice were used in groups of three (ﬁve for 4,
7.7 mg/kg) for the pharmacokinetic studies. Compounds were diluted
in PBS and applied using an oral gavage (1.25 and 7.7 mg/kg for 4,
and 10 mg/kg for 8 and 7b, 7c). Prodrug solutions consisted of
prodrug (min. 94%) and active principle (max 6%). Blood and urine
samples (10 μL) were taken before the experiment (0 min) and at 6,
13, 20, 40 min, 1, 1.5, 2, 3, 4, 6, 8, and 24 h after administration.
Directly after sampling, the samples were diluted in methanol (1:5) to
precipitate proteins. After centrifugation (11 min, 13000 rpm), the
supernatant was transferred to a 96-well plate and analyzed by LC-MS
as described before. The samples at 0 min were used to deﬁne the
detection limit in plasma and urine. Sampling and administration was
performed following the guidelines in ref 56.
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Method A: System: Beckman Coulter Gold, consisting of pump 126, DAD 168 (190-400 nm) 
and auto-sampler 508. Column: Waters Atlantis T3, 3 µm, 2.1 ! 100 mm. A: Water + 0.1% 
TFA; B: MeCN + 0.1% TFA. Detection: 254 nm. Gradient: 5% B for 0.5 min, 5% B " 70% 
B over 19.5 min; flow rate: 0.5 mL/min. 
 
Method B: System: Agilent 1100/1200 with UV detection (190-410 nm). Column: Waters 
Atlantis T3, 3 µm, 2.1 ! 100 mm. A: Water + 0.01% TFA; B: MeCN + 0.01% TFA. 
Detection: 254 nm. Gradient: 5% B for 1 min, 5% B " 95% B over 19 min; flow rate: 0.5 
mL/min. 
 
Compound Method Retention time [min] Purity [%][a] 
6a A 10.633 > 99.5 
6b A 10.867 97.0 
6c A 11.533 > 99.5 
6d A 11.017 > 99.5 
6e A 11.133 97.0 
7a B 8.212 99.1 
7b B 8.157 97.4 
7c B 8.478 > 99.5 
7d B 8.904 99.5 
8 A 11.667 > 99.5 
 
[a] In the case of diammonium salts (6a-e & 8) double- or triple-peaks were observed due to 
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FimH antagonists – solubility
vs. permeability
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Urinary tract infections (UTIs) caused by uropathogenic Escherichia coli (UPEC) are among
the most prevalent infections worldwide. Since frequent antibiotic treatment favors the
emergence of antibiotic resistance, eﬃcient non-antibiotic strategies are urgently needed.
The first step of the pathogenesis of UTI is the bacterial adherence to urothelial host cells,
a process mediated by the mannose-binding adhesin FimH located at the tip of bacterial
pili. In a preliminary study, biphenyl a-D-mannopyranosides with an electron-withdrawing
carboxylate on the aglycone were identified as potent FimH antagonists. Although passive
permeability could be established by masking the carboxylate as an ester, insuﬃcient
solubility and fast hydrolysis did not allow to maintain the therapeutic concentration in the
bladder for the requested period of time. By modifying the substitution pattern, molecular
planarity and symmetry of the biphenyl aglycone could be disrupted leading to improved
solubility. In addition, when heteroatoms were introduced to the aglycone, antagonists
with further improved solubility, metabolic stability as well as passive permeability were
obtained. The best representative, the pyrrolylphenyl mannoside 42f exhibited therapeutic
urine concentration for up to 6 h and is therefore a promising oral candidate for UTI
prevention and/or treatment.
1 Introduction
Urinary tract infections (UTIs) – also known as acute cystitis or bladder
infections – are among the most prevalent infectious diseases worldwide.
UTIs aﬀect millions of people every year and account for significant
morbidity and high medical costs.1 Since symptomatic UTIs require
antibiotic treatment and recurrent antibiotic exposure leads to the
ubiquitous problem of antimicrobial resistance, eﬃcient non-antibiotic
prevention and treatment strategies are urgently needed.2 More than
70% of UTIs are caused by uropathogenic Escherichia coli (UPEC).1a,3 In
the first step of the infection, UPEC adhere to urothelial cells, which
prevents them from being cleared by micturition but also triggers the
invasion into host cells.4 This initial contact is mediated by the bacterial
adhesin FimH located at the tip of type 1 pili.5 FimH consists of
an N-terminal lectin domain and a C-terminal pilin domain. The
carbohydrate recognition domain (CRD) of the lectin domain specifically
recognizes oligmannosides being part of the glycoprotein uroplakin
Ia located on the urinary bladder mucosa, whereas the pilin domain
regulates the switch between the various aﬃnity states of the CRD.6
Blocking the FimH-CRD with carbohydrates or mimetics thereof prevents
Institute of Molecular Pharmacy, Pharmacenter, University of Basel, Klingelbergstr.
50, 4056 Basel, Switzerland. E-mail: beat.ernst@unibas.ch
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the bacterial adhesion as well as the subsequent infection. This approach
is therefore regarded as a potential therapy for prevention and/or
treatment of UTIs.7
Over the last three decades, mannosides and oligomannosides with
various aglycones, such as n-alkyl,8d phenyl,8e dioxocyclobutenylamino-
phenyl,8f umbelliferyl,8e biphenyl,8g–k indol(in)ylphenyl,8l triazolyl8m or
thiazolylamino8n have been tested as potential antagonists for preventing
type 1 pili-mediated bacterial adhesion.8 In addition, diﬀerent multi-
valent presentations of mannose derivatives have been explored.9
In general, when a daily therapy is required, oral administration is
the standard care. To achieve oral availability as well as a therapeutic
concentration in the bladder over an extended period of time, successful
oral absorption (i.e. solubility and permeability), metabolic stability, and
slow and prolonged renal excretion (i.e. renal reabsorption) are required.
As previously described,8h the carboxylic acid moiety in biphenyl
a-D-mannoside 1a – its electron-withdrawing potential is essential for an
enhanced p–p stacking interaction – impairs the membrane permeability
and, as a consequence, the potential for oral absorption. Therefore, the
polar carboxylate was masked as ester (-1b8h), exhibiting comparable
electron withdrawing properties but improving passive permeability and
renal reabsorption by increased lipophilicity. However, since the ester 1b
was characterized by low aqueous solubility (12 mgmL!1) and fast
metabolic cleavage (t1/2¼ 2.1 min), the absorptive flux through the
intestinal mucosa was limited and the renal excretion accelerated.10 As a
consequence, the therapeutic concentration in the bladder could not be
maintained for a suﬃcient period of time.8h Therefore, emanating from
antagonist 1b, these pharmacokinetic drawbacks were addressed by
structural modifications of the aglycone (Fig. 1).
2 Results and discussion
To improve relevant pharmacokinetic parameters (i.e. oral absorption,
metabolism and renal excretion of FimH antagonist 1b), we focused on
three approaches. First, the molecular planarity and symmetry of the
biphenyl aglycone was disrupted by modifying the substitution pattern11
(Fig. 1a). Second, the hydrophobicity was improved by heterocyclic biaryl
aglycones (Fig. 1b). Finally, oral availability was improved by replacing
the carboxylic acid by the bioisosteric cyano group (Fig. 1c).8o,11,12
2.1 Synthesis of FimH antagonists
Biphenyl mannosides (Schemes 1 and 2). Compounds 1a,b, and 2a,b
(Table 1) were synthesized as previously described.8h For the synthesis of
6a and 6b, iodide 38l was reacted with boronic acid 4 in a palladium-
catalyzed Suzuki–Miyaura coupling to yield mannoside 5. Subsequent
deprotection aﬀorded the test compounds 6a and 6b (Scheme 1).
Lewis acid-promoted glycosylation of phenol 8 with fluoride 713 followed
by a Suzuki–Miyaura coupling of bromide 9 with boronic acid 4 gave 10
(Scheme 2). Finally, deprotection yielded biphenyls 11a and 11b.







































































































































































Heteroaromatic building blocks (Scheme 3). Starting with the com-
mercial aminophenols 12a,b, the azidophenols 13a,b were obtained via a
diazotransfer reaction using freshly prepared triflyl azide in pyridine and
copper(II) sulfate as catalyst.14 Because of low stability, 13a,b were used
without purification in a subsequent copper(I)-catalyzed Huisgen
cycloaddition15 with ethyl propiolate, yielding the triazolylphenols 14a,b
(Scheme 3A). By using an Ullmann-type copper-diamine-catalyzed
N-arylation,16 1H-pyrazole-4-carboxylate was coupled with 4-iodoanisole
(15) in N-methyl-2-pyrrolidone (NMP) to furnish 16a. Because of the low
reactivity of the ethyl 3-trifluoromethyl-1H-pyrazole-4-carboxylate, the
coupling reaction was carried out under solvent-free conditions to yield
16b in quantitative yield. Demethylation of 16 with AlCl3 gave the
pyrazolylphenol derivatives 17. Due to the instability of 17b under AlCl3/
nBu4NI conditions, a solution of AlCl3 in 1-dodecanethiol was used
to accelerate the reaction and to suppress byproduct formation
(Scheme 3B).17 The pyrimidinyl derivative 20 was prepared via a nBuLi-
mediated carboxylation with CO2 followed by esterification (Scheme 3C).
18
To synthesize the cyano-substituted pyrroles 23a,b, benzotriazol-1-ylmethyl
isocyanide (21) was treated with the electron-deficient alkenes 22a,b under
basic heterocyclization conditions (Scheme 3D).19
Triazolylphenyl and pyrazolylphenyl mannosides (Scheme 4).
Mannosylation of the phenols 14a,b and 17a,b (see Scheme 3A & B) with
mannosyl fluoride 713 and BF3 !Et2O as promoter, yielded exclusively
the a-mannosides 24a,b and 27a,b. Deacetylation (-25a–c and 28a,b)
followed by ester hydrolysis gave the test compounds 26a,b and 29a,b.
Pyridinylphenyl, pyrazinylphenyl, and pyrimidinylphenyl mannosides
(Scheme 5). Mannosyl fluoride 713 was treated with 4-iodophenol or
4-bromo-2-trifluoromethylphenol in the presence of BF3 !Et2O. The
resulting iodide 308k and bromide 368k were transformed into the boronic
acid pinacol esters 318k and 37 under Miyaura-borylation conditions. In a
palladium-catalyzed Miyaura–Suzuki coupling20 of the heteroaryl halides
20 (see Scheme 3C) and 32a–c (commercially available) with boronic acid
ester 31, heteroarylphenyl mannosides 33a–d were obtained in good to
excellent yields. Similarly, mannoside 38 was prepared by coupling of




Scheme 1 (a) Pd(Cl2)dppf !CH2Cl2, K3PO4, DMF, 80 1C, overnight (70%); (b) NaOMe,
MeOH, rt, 4 h (quant.); (c) 0.2 N aq. NaOH, MeOH, rt, overnight (50%).
































































































































conditions (-34a–d, 39) followed by saponification of the methyl ester
yielded the sodium salts 35a–d and 40.
Pyrrolylphenyl mannosides (Schemes 6 and 7). In a copper catalyzed
N-arylation, pyrroles 23a,b (see Scheme 3D) and 23c–f (commercial) were
coupled with mannoside 38l (ortho-Cl) to yield the pyrrolylphenyl man-
nosides 41a–f (Scheme 6).17 Under similar conditions, mannosides 30
(without ortho-substituent) and 36 (ortho-CF3) were coupled with pyrrole
23f to yield 47 and 48 (Scheme 7). Because of partial deacetylation of the
sugar moiety during N-arylation, the crude products were reacetylated
to facilitate purification. Deacetylation of the mannose moiety (-42a–f,
49 and 50) followed by saponification of the alkyl esters gave the test





Scheme 3 (a) TfN3, CuSO4, triethylamine, pyridine, 0 1C to rt, 2 h; (b) ethyl propiolate,
CuSO4 ! 5H2O, sodium ascorbate, tBuOH/H2O (1 : 1), rt, 30 min (yield for two steps: 77% for
14a, 48% for 14b); (c) ethyl 1H-pyrazole-4-carboxylate or ethyl 3-trifluoromethyl-1H-
pyrazole-4-carboxylate, CuI, trans-N,N0-dimethyl-1,2-cyclohexanediamine, K2CO3, NMP
as solvent for 16a and solvent free for 16b, 110 1C, 24 h (80% for 16a, quant. for 16b); (d)
AlCl3, cat. nBu4NI, DCE (for 17a), or AlCl3 in 1-dodecanethiol (for 17b), 0 1C to rt (60% for
17a, 26% for 17b); (e) i. nBuLi, hexane, toluene,"78 1C, 1 h; ii. CO2 (g),"78 1C to rt, 7 h; (f)
conc. H2SO4 (0.8 equiv.), MeOH, reflux, overnight (37% for two steps); (g) nitrile 22a,b,
tBuOK, THF, 0 1C to reflux, 2 h (60% for 23a, 54% for 23b).






































































































































































































2.2 Physicochemical properties and in vitro pharmacokinetics of
FimH antagonists
For the assessment of the potential for intestinal absorption, physico-
chemical properties, i.e. lipophilicity (logD7.4), aqueous solubility, and
permeability through an artificial membrane (PAMPA, logPe) as well as a
Caco-2 cell monolayer (Papp) were determined (Table 1).
21–24 The following
permeability thresholds for the eﬀective permeability logPe (low per-
meability is expected for logPeo!6.3 cms!1; moderater!5.7 cms!1;
high4!5.7 cm s!1)25 and for apparent permeability Papp (low permeability









Scheme 5 (a) 4-Iodophenol or 4-bromo-2-trifluoromethylphenol, BF3 #Et2O, DCM, mol.
sieves 4 Å, 0 1C to rt, overnight (70%8k for 30, 80%8k for 36); (b) bis(pinacolato)diborone,
Pd(Cl2)dppf #CH2Cl2, KOAc, DMF, 85 1C, overnight (80% for 31, 83% for 37); (c)
Pd(Cl2)dppf #CH2Cl2, K3PO4, DMF, 85 1C, overnight (60% for 33a, 80% for 33b, 68% for
33c, 40% for 33d, 57% for 38); (d) NaOMe, MeOH, rt, 4 h (36% for 34a, 24% for 34b, 36% for
34c, 89% for 34d, 60% for 39); (e) 0.2 N aq. NaOH, MeOH, rt, overnight (32% for 35a, 48%
for 35b, 44% for 35c, 60% for 35d, 90% for 40).





high420! 10"6 cms"1)26 were used to classify the antagonists. As
expected, all metabolites, i.e. the free carboxylates showed no or low per-
meability (logPeo"6.3 cms"1) and are not further discussed in this sec-
tion. Furthermore, the esters were incubated with rat liver microsomes
(RLM) for estimating their susceptibility to carboxylesterase (CES)-
mediated hydrolysis.27 Table 1 indicates the metabolic half lives (t1/2) as
determinants of the rate of bioconversion to the respective acid.
Solubility of biphenyl mannosides. As observed in our previous study,8h
the biphenyl derivatives 1a and 2a (Table 1, entries 2 & 4) showed low
aqueous solubility (r24 mgmL"1, Table 1), probably due to the sym-
metrical para-substitution leading to stacking eﬀects. In order to disrupt
this symmetry, the carboxylic acid moiety in 1a was moved from the para-
to the meta-position (-6a, entry 6). Since the dihedral angle remained
unaﬀected (Fig. 2; global minima values calculated with MacroModel,
version 9.930) only moderately improved aqueous solubility (41 mgmL"1,
Table 1) resulted. However, when the chloro substituent on ring A was
shifted from the ortho- to the meta-position (-11a, entry 8), the dihedral




Scheme 6 (a) i. CuI, (# )-trans-1,2-diaminocyclohexane, K3PO4, 1,4-dioxane, 110 1C,
overnight; ii. Ac2O, DMAP, pyridine, rt, overnight (44% for 41a, 92% for 41b, 33% for 41c,
64% for 41d, 99% for 41e, 77% for 41f); (b) NaOMe, MeOH, rt, 4 h (65% for 42a, 38% for
42b, 83% for 42e); (c) NaOEt, EtOH, rt, overnight (91% for 42c, 61% for 42d, 93% for 42f);
(d) NaOH, MeOH/H2O (1 : 2), rt, 12–48 h (58% for 43, 40% for 44, 20% for 45, 57% for 46).




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































disruption of the molecular planarity enhanced aqueous solubility up to
3-fold (from 41 to 134 mgmL!1).
Permeability of biphenyl mannosides. Due to their high lipophilicity
(logD7.4Z1.7), all biphenyl mannosides showed high eﬀective
(log Pe4!5.7 cm s!1) and moderate apparent (Papp42" 10!6 cm s!1)
permeability.
Metabolic stability of biphenyl mannosides. Incubation with rat liver
microsomes (RLM) induced a fast degradation of prodrug 1a (t1/2 2.1 min,
Table 1, entry 2). The esters of the biphenyl mannosides 2a (t1/2 22 min,
entry 4), 6a (t1/2 72 min, entry 6), and 11a (t1/2 13 min, entry 8) were less
susceptible to the carboxylesterase (CES)-mediated metabolic turnover.
The diﬀering rates of hydrolysis may result from the change in the
molecular geometry and therefore in the accessibility of the ester by the
serine hydrolase CES.31 We therefore attributed the rate diﬀerences of
the CES-mediated hydrolysis primarily to the diﬀering geometry of the
aglycones, which, in case of 1a, obviously orients the ester bond within
the active site in an optimal position.
Overall, despite elevated solubility (134 mgmL!1) and high eﬀective
permeability (log Pe !4.5 cm s!1) of ester 11a, fast metabolic ester
hydrolysis (t1/2o15 min) reduces its therapeutic potential. Especially, the
accelerated renal excretion of the polar metabolite (i.e. free carboxylate)
impedes the maintenance of the therapeutic concentration in the
bladder over an extended period of time.
Solubility of heteroaryl mannosides. In general, heterobiaryl
mannosides (Table 1, entries 10–42) exhibited markedly higher aqueous
solubility than the reference compound biphenyl a-D-mannoside 1a
(12 mgmL!1). Triazole (-25a–c, entries 10, 12 & 13), pyrazole (-28a,
entry 15), and pyridine derivatives (-34a–d, entries 19, 21, 23 & 25)
exhibit higher solubility, due to increased polarity (logD7.4o1). For the
pyrazolylphenyl (-28b, entry 17), the pyridinylphenyl (-39, entry 27),
and the pyrrolylphenyl mannosides (entries 29–42) high solubility was
determined despite high lipophilicity (logD7.441). As a trade-oﬀ, 42d
(entry 33) became the least soluble representative among all assessed
heteroaryl mannosides (34 mgmL!1).
Permeability of heteroaryl mannosides. As expected, the increase in
polarity and solubility (e.g.-25a, logD7.4 !0.6, entry 10) leads to a
reduced permeability (log Pe!9.4 cm s!1), i.e. poor oral absorption.
Figure 3 illustrates the correlation between lipophilicity (logD7.4) and the
eﬀective permeability (log Pe) of the heteroaryl mannoside esters and
bioisosteres (entries 10–42). In general, heteroaryl mannosides with
lipophilicity logD7.441 have moderate to high eﬀective permeability.
To enhance lipophilicity two strategies were explored: First, an ortho-
chloro substituent was introduced to ring A of the biaryl aglycone of 25a
(-25b, entry 12) and, second, the methyl ester was replaced by an ethyl
ester (-25c, entry 13). However, both strategies did not or only mar-
ginally influence the log Pe values and therewith the oral absorption
potential. For the pyrazolylphenyl derivative 28a (entry 15), although
slightly more lipophilic than the triazolylphenyl 25c (entry 13), low
eﬀective permeability (log Pe! 6.6 cm s!1) was observed. By introducing a




trifluoromethyl substituent on the pyrazole moiety (-28b, entry 17),
both lipophilicity (permeability) and solubility were improved, pre-
sumably suﬃcient for a successful intestinal uptake. Whereas intro-
ducing an ortho-trifluoromethyl substituent to ring A of the biaryl
aglycone (-39, entry 27) exhibited despite increased lipophilicity only
low eﬀective permeability (log Pe !8.6 cm s!1). By contrast, the pyrrolyl-
phenyl mannosides 42a–f, 49 and 50 (Table 1) with logD values of 1.5 to 3
and the log Pe values of !6.3 to !4.8 cms!1 suggest modest to high
permeability. Starting from antagonist 42c (entry 31), the introduction of
a 4-methyl substituent (-42d, entry 33) increased permeability, however,
limited solubility to 34 mgmL!1. In the case of the pyrrolylphenyl
derivative 42e (entry 35), both solubility and permeability could be suc-
cessively enhanced by introducing a methyl substituent in the 4-position
of the pyrrole moiety (-49, entry 39) and by modifying the ortho-
substituent on ring A of the biaryl aglycone (-50, entry 41 & 42f, entry
37). Especially, for the antagonists 42f and 50, the eﬀective permeability
(PAMPA, log Pe!4.8 cm s!1 and !5.0 cm s!1, respectively) suggests
a high oral absorption potential. Moreover, the absorptive flux
(apical-basal) through the Caco-2 cell monolayer was moderate
(log Papp42" 10!6 cm s!1). Although the ratio Papp,b-a/Papp,a-b42
implies eﬄux–carrier activity,29 we expected high systemic in vivo avail-
ability of 42f and 50, notably because eﬄux transporters at human
intestines are considered to be easily saturable when compounds are
administered at elevated doses (e.g.4100 mg).32 As expected, the bio-
isosteric replacement of the carboxylic moiety by a cyano group (-42a,b,
entries 29 & 30) increased lipophilicity, but the PAMPA data still indicate






























Fig. 3 Plot of logD7.4 versus eﬀective permeability logPe (cm s
!1; pH 7.4) for
heteroaryl mannoside esters (entries 10–28, 31–42) and bioisosteres (entries 29 & 30).
Data represent the mean only (Goodness of fit, R square¼0.64). Dashed lines on the
y-axis indicate the thresholds between low, moderate, and high eﬀective permeability
(low o!6.3 cms!1, moderate logPer!5.7 cms!1ohigh).25 Dashed line on the
x-axis represent the thresholds for lipophilicity (logD7.441), where moderate eﬀective
permeability is reached.





low permeability for both derivatives (log Pe!8.8 cm s!1 and!6.3 cm s!1,
respectively).
Metabolic stability of heteroaryl mannosides. All five-membered
heteroaryl derivatives with ester functions (triazoles-entries 10–14,
pyrazoles-entries 15–18, and pyrroles-entries 29–42, Table 1) were
found to be less susceptible to CES-mediated bioconversion (t1/2430 min)
than the parent biphenyl mannoside 1a. Surprisingly, the pyrrolylphenyl
esters 42e,f, 49, and 50 even proved to be metabolically stable and were
only slowly hydrolyzed by carboxylesterases (t1/24120 min). In contrast,
derivatives with six-membered heterocylic moieties (entries 19–28) were
cleaved extremely fast (t1/2o15 min) with rates comparable to biphenyl
mannoside 1a.
2.3 In vitro binding aﬃnities
Binding aﬃnities were determined in a cell-free competitive binding
assay (Table 1).28 Surprisingly, aﬃnities of the esters (biphenyls and
heteroaryl mannosides) were slightly improved compared to the corres-
ponding acids, probably due to reduced desolvation costs.
Biphenyl mannosides. A comparison of antagonist 1b (entry 3) with
its regioisomers 2b, 6b, and 11b (entries 5, 7 & 9) indicates that changing
the position of the carboxylic acid on the terminal ring B of the
biphenyl aglycone as well as modifying the substitution pattern on ring A
substantially reduced aﬃnity. As previously reported, the ortho-chloro
substituent present in the antagonists 1b and 6b provides additional van
der Waals contacts leading to binding aﬃnity in the low nanomolar
range.8k
Heteroaryl mannosides. All heteroaryl mannosides (entries 10–42) were
weaker binders than the biphenyl mannoside 1b, however also showed
IC50 values in the nanomolar range. In silico studies obtained with flex-
ible docking (Glide software package33) to the FimH-CRD suggested a
similar ‘out-docking mode’ (Fig. 4) for all heteroaryl mannosides (entries
10–42), establishing p–p-stacking with Tyr48 of the tyrosine gate.8g
Fig. 4 In silico docking studies obtained with flexible docking (Glide software package33)
to the FimH-CRD (PDB ID: 4XO8); top-scored binding modes of (A) 44 (Table 1, entry 34)
and (B) 46 (entry 38).




Therefore, it is quite surprising that the triazolylphenyl mannosides
(entries 10–14) and the pyrrolylphenyl mannosides (entries 29–42)
showed approximately five-fold higher aﬃnity than the pyrazolylphenyl
analogues (entries 15–18). Furthermore, the substitution pattern had also
an influence on the binding aﬃnity as observed for the various pyrro-
lylphenyl mannosides (entries 29–42). In agreement with previous ob-
servations,8i,k an ortho-chloro or an ortho-trifluoromethyl substituent on
ring A improved aﬃnity approximately 3-fold (51, entry 40 vs. 46, entry
38 & 52, entry 42). Furthermore, the position of the electron-withdrawing
carboxylic acid substituent in ring B aﬀected the binding aﬃnity as well.
In the 3-position (-45, entry 36) a three-fold aﬃnity increase compared
to the 2-position (-43, entry 32) was observed. With an additional
4-methyl group, aﬃnity was improved by a factor of three (43, entry 32 vs.
44, entry 34), presumably due to sterically favored p–p stacking inter-
actions between the heteroaromatic ring B and Tyr48 of the tyrosine gate.
2.4 In vivo pharmacokinetic study
Antagonist 42f (entry 37, Table 1) exhibiting the best in vitro PK/PD
profile was selected for an in vivo pharmacokinetic study. Since its
solubility is not suﬃcient for the planned dose of 10 mgkg!1,10a 5%
DMSO and 1% surfactant Tween 80 were used as solubilizer. The
concentration–time profiles in urine and plasma are shown in Fig. 5.
Plasma concentrations of 42f were low, with a Cmax of only 0.04 mgmL
!1
between 40 min and 1.5 h and dropped below the detection limit 3 h post
application. In contrast, antagonist 42f rapidly accumulates in the urine
with a Cmax ranging from 10 to 16 mgmL
!1 at 1 to 3 h post application.
After a stable concentration plateau, which is slightly shifted in time
compared to plasma peak levels, 42f could not be detected in urine 7 h
post application.



















Fig. 5 Urine (dashed line) and plasma (continuous line) concentrations over time of the
pyrrolylphenyl mannoside 42f after an application of a dose of 10 mg kg!1 (PBS containing
5% DMSO and 1% Tween 80). Shown are mean values with standard error of the mean for
groups of three mice (C3H/HeN). The detection limit was at 0.02 mgmL!1.





Accumulation in urine, resulting in a relatively constant plateau con-
centration over a time-period of about 3 h, can be related to several
important interplaying mechanisms. Both, PAMPA23 and transport
through a Caco-2 cell monolayer predicted high (log Pe !4.8 cm s!1) to
moderate (Papp,a–b 6.4" 10!6 cm s!1, Table 1) permeability for 42f.25,26
Although 42f is a substrate of eﬄux transporters (Caco-2 cell experiment;
b–a/a–b ratio42, Table 1),29 the eﬄux transporters (e.g. P-gp) can be
saturated by the applied high dose of 10 mg kg!1.32,34 Once in circu-
lation, antagonist 42f is filtered through the renal glomeruli in the
kidneys. Based on its metabolic stability and a logD7.4 value of 2.8,
reabsorption from the filtrate in the proximal tubuli can be expected,
leading to the observed delayed renal excretion.10b,34,35 In summary, the
observed PK profile of 42f results from a good oral absorption (i.e. suf-
ficient solubility and saturation of eﬄux transporter) with a delayed and
prolonged elimination via the kidneys due to renal reabsorption.
3 Conclusions
Starting from ester 1a, the present study aimed to optimize solubility and
metabolic stability issues of biaryl mannosides in order to achieve high
oral absorption of the ester and slow enzyme-mediated release of the
polar metabolites.
First, our strategy to disrupt molecular planarity and symmetry of the
biphenyl mannosides by modifying the substitution pattern, proved to be
successful for improving solubility. Compared to antagonist 1a, the ester
11a showed a ten-fold improved solubility whereas membrane perme-
ability remained high. However, since hepatic esterases rapidly convert
ester 11a to carboxylate 11b, re-absorption from the tubuli is not possible
leading to fast renal excretion. Furthermore, changing the positions of
the substituents on the aglycone decreased aﬃnity to the FimH-CRD,
overriding the gain in the intestinal uptake potential (entries 4, 6 & 9).
In a second approach, the improvement of solubility and metabolic
stability based on heterocyclic aglycones was studied. Thereby, triazole
(25a–c, entries 10, 12 & 13), pyrazole (28a,b, entries 15 & 17), and
six-membered heterocyclic moieties (34a–d, entries 19, 21, 23 & 25 and
39, entry 27) proved highly beneficial to the aqueous solubility but in turn
reduced lipophilicity and membrane permeability. Overall, only poor
oral absorption could be observed. By contrast, the pyrrolylphenyl
mannosides – optimized by the introduction of a chloro or trifluoromethyl
substituent on ring A and a methyl group on the heterocycle (42f and 50,
entries 37 & 41) – exhibited suﬃcient permeability as well as aqueous
solubility. Furthermore, incubations with rat liver microsomes, revealed
low propensity to enzyme-mediated hydrolysis (t1/24120 min), supporting
slow elimination due to expected renal re-absorption of the metabolically
stable esters.
In summary, our study exemplifies the benefits of two approaches:
Rearrangement of the substitution pattern to improve aqueous solubility
and introduction of heteroaromatic aglycones to improve aqueous
solubility and metabolic stability. For the ester 42f, an optimal balance of




pharmacodynamic, physicochemical and in vitro pharmacokinetic prop-
erties was realized. The measured high urine drug levels of 42f (see Fig. 5)
over an extended period of time considerably limit the dosing frequency
and makes 42f a promising candidate to be tested in a UTI disease model.
Abbreviations
Caco-2 cells colorectal adenocarcinoma cells
CES carboxylesterase
Cmax maximal concentration
CRD carbohydrate recognition domain
D octanol–water distribution coeﬃcient
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IC50 half maximal inhibitory concentration
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PAMPA parallel artificial membrane permeability assay
Papp apparent permeability
Pe eﬀective permeability
RLM rat liver microsomes
UPEC uropathogenic Escherichia coli
UTI urinary tract infection
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F*! jhk! 9kLi!!HLI!! 9kLI!!HLj! 9WLh!!HLG! ILH! HLI!!HLI!
F6! jhk! 9JLH!!HLI!! 9kLJ!!HLI! 9kLJ!!HLI! ILH! 9HLI!!HLI!
F/! jhk! 9kLh!!HLH!! 9kLJ!!HLG! 9kLh!!HLI! HLW! HLH!!HLI!
F2! jhk! 9kLk!!HLH!! 9kLk!!HLG! 9kLW!!HLI! ILI! 9HLV!!HLI!
F$! jhk! 9JLG!!HLI!! 9kLJ!!HLG! 9kLi!!HLI! HLi! 9HLV!!HLH!
F,! jhk! 9kLi!!HLH!! 9kLk!!HLI! 9kLk!!HLI! ILH! HLH!!HLH!
F1! WjH! 9IH!!HLH!! 9kLV!!HLG! 9kLH!!HLG! ILh! |!9ILW!
F#! jhh! 9IH!!HLH!! 9WLh!!HLG! 9kLH!!HLj! ILI! |!9ILW!
8&('-&+:!
'$:'&:'$-&($2! Gii! 9jLV!!HLH!! 9jLW!!HLI! 9jLW!!HLI! ILH! VLj!!HLH!









































































































































N6.8'&! 31! M'/1&'3+$'&! c'9MD! M&'82d! 81B6'$+*! 31! M'/1&'3+$'&! 31! '6.8'&! cM9'D! ;5.3+d! 6+$B+'M.&.3ZD! 7'&#+/! 1<!
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'd!=#! {! +<<+83.7+! 6+$B+'M.&.3Z]! 6'//.7+! 6+$B+'M.&.3Z! 35$1#)5! '(! '$3.<.8.'&!B+BM$'(+!;'/! *+3+$B.(+*! MZ! 35+!
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MZ! '! _'819G! '//'Z! .(! 35+! 'M/1$63.7+! c'9Md! '(*! /+8$+31$Z! cM9'd! *.$+83.1(/! '<3+$! IWD! VHD! '(*! kH! B.(e! 7'&#+/!















8&.=&?(2:! ! ! *O6! 6O*! 6O*c*O6! !
F!gFTO8;DbF! jWj! 9iLV!!HLI!! 9kLh!!HLV! 9JLH!!HLj! ILH! |!9ILW!
F)! jiG! 9JLi!!HLI!! 9kLh!!HLJ! 9kLk!!HLj! ILi! 9HLi!!HLH!
F`! WIH! 9kLh!!HLH!! 9kLV!!HLJ! 9kLH!!HLj! ILV! HLV!!HLI!
F0! WVi! 9kLI!!HLI!! 9WLi!!HLI! 9WLJ!!HLG! ILj! ILI!!HLI!










































































'd!=#! {! +<<+83.7+! 6+$B+'M.&.3Z]! 6'//.7+! 6+$B+'M.&.3Z! 35$1#)5! '(! '$3.<.8.'&!B+BM$'(+!;'/! *+3+$B.(+*! MZ! 35+!
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8&.=&?(2:! ! ! *O6! 6O*! 6O*c*O6! !!
H!gFSO8;DbF! jWj! 9iLG!!HLG!! 9kLJ!!HLG! 9JLH!!HLj! HLi! 9ILH!!HLI!
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H/! WVi! 9kLj!!HLI!! 9WLk!!HLk!! 9WLJ!!HLj! HLW! ILW!!HLV!

























































































R)1?-$! SVSL! _'819G! 6+$B+'M.&.3Z! &1)!='66! 1<! 8Z8&.8! 5+R'6+63.*+/! Nd! F! c$+B+'/#$+*! .(951#/+dD! F)D! F`D! F0D! F+L!
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Enantiomeric Cyclic Peptides with Different Caco-2 Permeability
Suggest Carrier-Mediated Transport
Udaya Kiran Marelli,[a] Jacqueline BezenÅon,[b] Eduard Puig,[a] Beat Ernst,*[b] and
Horst Kessler*[a]
Abstract: Recently, oral absorption of cyclic hexapeptides
was improved by N-methylation of their backbone
amides. However, the number and position of N-methyla-
tions or of solvent exposed NHs did not correlate to intes-
tinal permeability, measured in a Caco-2 model. In this
study, we investigate enantiomeric pairs of three polar
and two lipophilic peptides to demonstrate the participa-
tion of carrier-mediated transporters. As expected, all the
enantiomeric peptides exhibited identical lipophilicity
(logD7.4) and passive transcellular permeability determined
by the parallel artificial membrane permeability assay
(PAMPA). However, the enantiomeric polar peptides exhib-
ited different Caco-2 permeability (Papp) in both directions
a–b and b–a. The same trend was observed for one of the
lipophilic peptide, whereas the second lipophilic enantio-
mer pair showed identical Caco-2 permeability (within the
errors). These findings provide the first evidence for the
involvement of carrier-mediated transport for peptides, es-
pecially for those of polar nature.
Achieving oral bioavailability in peptides is still a bottleneck in
successful peptide-based drug design.[1] It has been estab-
lished that the usual instability of peptides against enzymatic
degradation can be overcome by cyclization,[2] use of d-amino
acids[3] and/or N-methylation.[4] However, for the development
of new orally available peptides[5] and macrocycles[6] beyond
Lipinski’s “rule of 5”,[7] elucidation of the pathway by which
such molecules cross the intestinal epithelia[8] is indispensable.
Encouraged by the currently accelerating market for peptide
drugs,[1] efforts to develop orally available peptides attracts
considerable attention.[5,6] In our previous studies on a library
of N-methylated Veber–Hirschmann peptides (VHP), N-methyla-
tion improved permeability was demonstrated by developing
a biologically active and orally bioavailable tri-N-methylated
VHP.[9] Later, some members of a library of 54 N-methylated
cyclic hexaalanines (CHA) of the general structure cyclo(-d-Ala-
l-Ala5-)
[10] were shown to be highly permeable. A comprehen-
sive conformational analysis of all these peptides revealed
some common backbone structural motifs (Figure 1) being key
for promoting intestinal permeability.[11] The identified confor-
mations also matched the structural features[11] of the orally
available peptide drug Cyclosporin A (CsA).[12]
Interestingly, several parameters that are usually considered
to be crucial for oral availability, such as lipophilicity, number
of solvent exposed NHs or number and position of N-methyl
groups did not correlate to intestinal permeability of the
above peptides and the other peptides in the cyclic hexaala-
nine series.[9–11] Although the conformation of peptides was
highlighted as a controlling factor for permeability,[11] the exact
contribution of the various parameters as well as their trans-
port pathway remains to be answered.
In the recent times, N-methylation of solvent exposed NHs is
projected as the key for achieving permeability in pep-
tides.[13,14] For the permeable lipophilic peptide (PLP) cyclo(-
NMe-d-Leu-NMe-l-Leu2-d-Pro-NMe-l-Tyr-l-Leu) and analogues
thereof there is a correlation between the number of solvent
exposed NHs and permeability.[13,14] However, in disagreement
to these findings, our studies on CHAs exhibited several con-
tradicting cases (Figure 2).[11] To highlight it, two cases, NMe
(1,5) CHA and NMe (1,6) CHA, are shown in Figure 2. Both
these peptides are highly permeable despite each of them
possess two solvent exposed NHs.[10,11] Starting from NMe (1,5)
CHA, further N-methylation of any one of the solvent exposed
NHs (! NMe(1,4,5) or NMe(1,2,5) CHA) abrogated permeability,
whereas N-methylation of both solvent exposed NHs (!
NMe(1,2,4,5)) restored permeability. On the other hand, for
NMe (1,6) CHA, even the N-methylation of one or both solvent
exposed NHs destroyed the permeability. Considering these
contradictory observations on CHA peptides, it is evident that
the structural properties as solvent exposed NHs, lipophilicity,
number and position of N-methyl groups alone are unlikely to
define the permeability of polar as well as non-polar peptides.
It is well known that the transport of molecules from the
small intestine to the portal vein is controlled by cumulative
effects of various physicochemical properties of a molecule[8b,15]
as well as by the biochemical features of the intestinal
layers.[8b,16] There are two alternative routes—the transcellular
and the paracellular—by which a peptide can passively perme-
ate the intestinal walls.[17] Whereas the paracellular pathway is
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dependent on molecular size, the transcellular pathway can be
mimicked by the parallel artificial membrane permeability
assay (PAMPA).[17] Since there is a rough correlation between
lipophilicity and passive transcellular transport,[17b,18] some lipo-
philic peptides may exhibit intestinal absorption by this route.
In contrast, a subset of biologically active peptides with do-
Figure 1. Schematic representation of the studied permeable stem peptides.[9–11, 13] Constituent amino acids of each peptide are numbered in conventional N
to C direction starting from the residue in “d” configuration. N-Methyl groups are labeled with grey dots. The b-turns, hydrogen bonding (shown in dashed
lines) and solvent exposed NHs (enclosed in ellipses) as observed in the respective NMR derived conformations are indicated.[9,11, 13] In the name of each pep-
tide, the positions of N-methylated amino acids are indicated in parenthesis. While all peptides shown here exhibit a double b-turn conformation, peptides 2,
3 and 4 exhibit even the identical b-turn subtypes (bII’ and bVI).[9, 11] For stereo views of the NMR derived structures of peptides, please see Supporting Infor-
mation.
Figure 2. Scheme to show the effect of sequential N-methylation of solvent exposed NHs (encircled in red, please see Supporting Information for temperature
coefficients and conformation) on the Caco-2 permeability of a) NMe (1,5) CHA and b) NMe (1,5) CHA. N-Methyl groups that are favoring or prohibiting per-
meability are labeled with blue or red dots, respectively. Caco-2 Papp values are in units of 10
 6 cms 1. While peptides with high Caco-2 permeability are in
blue background, the others are in red background. Except for NMe (1,2,4,5) CHA, which is derived by N-methylation of both the solvent exposed NHs in
NMe (1,5) CHA, in all other cases, converting the solvent exposed NHs to N-methyl groups destroyed the permeability of the parent peptides NMe (1,5) CHA
and NMe (1,6) CHA.[10,11]







mains of non-lipophilic amino
acids might benefit from a para-
cellular uptake through the tight
junctions or from active carrier-
mediated transport sys-
tems.[8b, 19,20]
To prove the stereospecific as
well as conformation specific
transport of peptides and there-
fore the involvement of chiral
biological transport systems, we
have analyzed enantiomeric
pairs of peptides (Figure 1,
Table 1), that is, three polar N-
methylated CHAs (1–3),[10,11] the
oral available and lipophilic tri-N-
methylated VHP (4),[9] and the
lipophilic PLP (5).[13] In case chiral
biological transport systems are
involved, it is expected that the
pairs of peptide enantiomers will
behave differently.
Table 1 and Figure 3 summa-
rize the experimental distribu-
tion coefficients (logD7.4) and
permeabilities of the studied
peptides, determined by a minia-
turized shake-flask logD7.4
assay,[21] the PAMPA assay[17a] and
the Caco-2 cell permeation assay
(see Supporting Information for
experimental details).[22]
As expected, the logD7.4
values for pairs of enantiomers
are identical. However, confor-
mational differences or the number of N-methylations slightly
influence their lipophilicity. Thus, among the enantiomer pairs
1 & 1* and 2 & 2* (Figure 1), which have identical molecular
weights, equal numbers of N-methyl groups and solvent ex-
posed NHs, show different logD7.4 values, probably as a result
of their conformational differences. For the peptides 3 & 3*
(Figure 1) that exhibit identical conformations to 2 & 2*[11] the
two additional N-methylations present in the tetra-N-methylat-
ed CHA peptide increase lipophilicity (logD7.4). Furthermore,
the addition of amino acids with hydrophobic side chains as
present in 4 & 4* and 5 & 5* substantially increase lipophilicity
even in the presence of a lysine residue (4 & 4*).
Figure 3. log10 of apparent permeabilities (Papp) ⇥ standard deviation from the Caco-2 permeability assay for the pairs of enantiomers and the controls ateno-
lol (a marker for paracellular permeability) and testosterone (a marker for transcellular permeability).
Table 1. logD7.4,
[21] PAMPA[17a] permeability (logPe) and Caco-2 permeability (Papp)
[22e] values of the enantiomer
pairs of the N-methylated CHAs 1 & 1*, 2 & 2*, 3 & 3*, the tri-N-methylated VHP 4 & 4* and PLPs 5 & 5*. While
single letter codes of amino acids are used to give the peptide sequence, the d- and l-amino acids are repre-
sented by lower case and upper case letters, respectively. * implies the enantiomers, CHA=cyclic hexaalanine,
VHP=Veber–Hirschmann peptide and PLP=permeable lipophilic peptide; in peptide sequences, code letters
shown in bold font indicate N-methylated amino acids.
Peptide number, name, sequence, position of amino







No. Name 1 2 3 4 5 6 a–b b–a b–a/
a–b
1 NMe (1,6) CHA a A A A A A < 1.5  8.3⇥0.1/7.4 0.15⇥0.10 0.15⇥0.15 1.0
1* NMe (1,6) CHA* A a a a a a < 1.5  8.2⇥0.0/7.4 1.34⇥0.76 3.45⇥0.30 2.6
2 NMe (1,5) CHA a A A A A A  1.0⇥0.1  8.2⇥0.2/7.4 0.20⇥0.09 0.15⇥0.13 0.8
2* NMe (1,5) CHA* A a a a a a  1.1⇥0.1  8.3⇥0.1/7.4 1.75⇥0.69 5.48⇥1.44 3.1
3 NMe (1,2,4,5) CHA a A A A A A  0.8⇥0.1  7.0⇥0.0/7.4 0.56⇥0.10 1.04⇥0.17 1.9
3* NMe (1,2,4,5) CHA* A a a a a a  0.7⇥0.1  7.1⇥0.0/7.4 2.15⇥0.70 3.22⇥0.94 1.5
















testosterone – 3.4⇥0.0  4.3⇥0.0/7.4 29.6⇥4.70 30.0⇥4.15 1.0
atenolol – < 1.5  8.2⇥0.2/7.4 2.91⇥1.69 3.87⇥1.20 1.3
[a] Octanol–water distribution coefficients (logD7.4) were determined by a miniaturized shake-flask procedure at
pH 7.4, values represent the mean ⇥ standard deviation of sexuplicate measurements.[21] [b] Pe=effective per-
meability : passive permeation through an artificial membrane was determined by the parallel artificial mem-
brane permeability assay (PAMPA), values represent the mean ⇥ standard deviation of quadruplicate measure-
ments performed at the indicated pH.[17a] [c] Papp=apparent permeability: permeation through a Caco-2 cell
monolayer was assessed in the absorptive apical to basolateral (a–b) and secretory basolateral to apical (b–a)
directions in triplicates at three different time points, values represent the mean ⇥ standard deviation.[22e]







Similar to the distribution coefficients logD7.4, two additional
N-methylations (3 & 3*) or the introduction of amino acids
with lipophilic side chains (4 & 4*) also improved the PAMPA
permeability logPe values. However, a comparison of the logPe
values with the guidelines for PAMPA permeability[23] predict
their low absorption potential (logPe <  6.3 cms 1, membrane
retention <0.8). Because somatostatin derivative 4 and its
enantiomer 4* contain the primary amine of a lysine, PAMPA
permeability was measured at different pH (3.0, 5.0 and 7.4) to
take account for the pH-dependent protonation states. Howev-
er, different pH of the solvent did not change their low PAMPA
absorption potential. Nevertheless, at pH 7.4, a membrane re-
tention of 70 and 60% was measured for enantiomers 4 and
4*, respectively. In addition, at pH 3.0 and 5.0, a membrane re-
tention of 30% was detected for compound 4. The enantiomer
pair 5 & 5* show good PAMPA permeability (logPe >
 4.6 cms 1) due to their high lipophilicity.
Despite the various pairs of enantiomers having identical lip-
ophilicities (logD7.4) and PAMPA permeabilities (logPe), their
Caco-2 Papp values showed differences (Table 1, Figure 3)
except for 5 & 5*. For the CHA peptides, the enantiomers (1*,
2* and 3*) containing one l-alanine and five d-alanines exhib-
ited higher Papp values in the Caco-2 assay compared to their
corresponding parent enantiomers (1, 2 and 3). The increased
Papp values for 1*, 2* and 3* can be observed for the apical to
basolateral (a–b) as well as for basolateral to apical (b–a) direc-
tion. Whereas 1* and 2* showed an approximately nine-fold
higher a–b permeability than their corresponding enantiomers
1 and 2, the a–b permeability for 3* is approximately four-fold
higher than that of 3. Similarly, the b–a permeabilities for 1*,
2* and 3* are ~23-, ~36- and ~3-fold higher than 1, 2 and 3,
respectively. The efflux transport of the peptides has been ana-
lyzed from the Caco-2 Papp ratio, (RO) = (b–a)/(a–b). Overall, 1*
(RO=2.6), 2* (RO=3.1), and 3 (RO=1.9) show a possible efflux
transport (RO > 1.5),[22e] whereas 1 (RO=1.0), 2 (RO=0.8), and
3* (RO=1.5) showed no indication for an efflux transport.
Similar to the pairs of enantiomeric CHA peptides, the enan-
tiomers of VHP 4 & 4* also exhibited differential Caco-2 perme-
ability. However, in contrast to the polyalanine peptides, pep-
tide 4* consisting of six different amino acids, one with l- and
five with d-configuration, has a lower Caco-2 Papp (in both a–
b and b–a directions) compared with the parent tri-N-methy-
lated peptide 4. For peptide 4* (RO=3.7) an efflux transport
can be assumed compared to 4 (RO = 1.0). In contrast, pep-
tides 5 & 5* exhibited very marginal differences in their Caco-2
Papp values. Both (a–b) and (b–a) Papp values for 5 & 5* are
almost identical within the error bar limits. Furthermore, the
RO values 1.5 and 1.3 for 5 and 5* do not indicate a carrier-
mediated transport involved.
In summary, the present study suggests carrier-mediated
transport through Caco-2 cell membranes for polar CHA pep-
tides. This transport is associated with the recognition of their
spatial structures. While the identification of distinct conforma-
tions as a necessary condition for high permeability[11] gave in-
direct evidence for receptor participation, the present results
provide unequivocal proof for the participation of an active
transport pathway for these peptides.[8b] Further we demon-
strated in this communication that configurational issues, that
is, a cyclic peptide should exhibit the “right” chirality, can have
an influence on permeability.
In the case of 4, although different Caco-2 permeability of
its enantiomer supports a carrier mediated transport, its much
higher logD7.4 value of 2 and PAMPA membrane retention
might also contribute partially to its oral availability.[9] On the
other hand, in the case of the high lipophilic (logD7.4 > 3) and
high PAMPA permeable (logPe >  4.6 cms 1) peptides 5 and
5* the dominant transport pathway was shown to be the pas-
sive transcelullar permeation.
Further proof for the interpretation on the crucial role of
conformation comes from our previous study on the library of
N-methylated VHPs.[9] There, we also reported an epimeric ana-
logue of 4 (a diastereomer in which one of the many chiral
centers is inverted, called here as 4ep).
[9] In 4ep, the configura-
tion of the l-phenylalanine at position 4 has been switched to
d-phenylalanine. This resulted not only in loss of biological ac-
tivity but it also exhibited very poor permeability compared to
4.[9] It has to be noted that the backbone conformation of the
epimer (4ep) is similar to that in 4 (two b turns about the same
amino acids, all solvent exposed NH protons N-methylated,
Figure 1) except that the bVI turn containing a cis peptide
bond about l-Phe4L-Pro5 in 4 is replaced by a bII’ turn about
d-Phe4L-Pro5 in 4ep.
In conclusion, the spatial structure—conformation and con-
figuration—of peptides has a significant influence not only on
their biological activity but also on their intestinal permeability
through carrier-mediated transporters.
Acknowledgement
Financial support by the Deutsche Forschungsgemeinschaft
(Reinhart Koselleck grant KE 147/42-1 and CIPSM) is gratefully
acknowledged.
Keywords: conformation · cyclic peptides · enantioselecitivity ·
intestinal permeability · oral availability
[1] a) L. Otvos, Jr, Methods Mol. Biol. 2008, 494, 1–8; b) S. R. Gracia, K. Gaus,
N. Sewald, Future Med. Chem. 2009, 1, 1289–1310; c) A. A. Kaspar, J. M.
Reichert, Drug Discovery Today 2013, 18, 807–817.
[2] H. Kessler, Angew. Chem. Int. Ed. Engl. 1982, 21, 512–523; Angew. Chem.
1982, 94, 509–520.
[3] a) H. Kessler, B. Kutscher, A. Klein, Liebigs Ann. Chem. 1986, 893–913;
b) M. Aumailley, M. Gurrath, G. M ller, J. Calvete, R. Timpl, H. Kessler,
FEBS Lett. 1991, 291, 50–54.
[4] a) J. Chatterjee, C. Gilon, A. Hoffman, H. Kessler, Acc. Chem. Res. 2008,
41, 1331–1342; b) J. Chatterjee, B. Laufer, H. Kessler, Nat. Protoc. 2012,
7, 432–444; c) J. Chatterjee, F. Rechenmacher, H. Kessler, Angew. Chem.
Int. Ed. 2013, 52, 254–269; Angew. Chem. 2013, 125, 268–283.
[5] a) M. Morishita, N. A. Peppas, Drug Discovery Today 2006, 11, 905–910;
b) D. J. Craik, D. P. Fairlie, S. Liras, D. Price, Chem. Biol. Drug Des. 2013,
81, 136–147; c) J. E. Bock, J. Gavenonis, J. A. Kritzer, ACS Chem. Biol.
2013, 8, 488–499; d) J. Renukuntla, A. D. Vadlapudi, A. Patel, S. H.
Boddu, A. K. Mitra, Int. J. Pharm. 2013, 447, 75–93; e) A. T. Bockus, C. M.
McEwen, R. S. Lokey, Curr. Top. Med. Chem. 2013, 13, 821–836.
[6] a) F. Giordanetto, J. Kihlberg, J. Med. Chem. 2014, 57, 278–295; b) C.
Heinis, Nat. Chem. Biol. 2014, 10, 696–698; c) A. K. Yudin, Chem. Sci.
2015, 6, 30–49.






[7] a) C. A. Lipinski, J. Pharmacol. Toxicol. Methods 2000, 44, 235–249;
b) C. A. Lipinski, F. Lombardo, B. W. Dominy, P. J. Feeney, Adv. Drug Deliv-
ery Rev. 2001, 46, 3–26.
[8] a) L. Di, E. H. Kerns, K. Fan, O. J. McConnell, G. T. Carter, Eur. J. Med.
Chem. 2003, 38, 223–232; b) K. Sugano, M. Kansy, P. Artursson, A.
Avdeef, S. Bendels, L. Di, G. F. Ecker, B. Faller, H. Fischer, G. Gerebtzoff,
H. Lennernaes, F. Senner, Nat. Rev. Drug Discovery 2010, 9, 597–614.
[9] E. Biron, J. Chatterjee, O. Ovadia, D. Langenegger, J. Brueggen, D.
Hoyer, H. A. Schmid, R. Jelinek, C. Gilon, A. Hoffman, H. Kessler, Angew.
Chem. Int. Ed. 2008, 47, 2595–2599; Angew. Chem. 2008, 120, 2633–
2637.
[10] O. Ovadia, S. Greenberg, J. Chatterjee, B. Laufer, F. Opperer, H. Kessler,
C. Gilon, A. Hoffman, Mol. Pharm. 2011, 8, 479–487.
[11] J. G. Beck, J. Chatterjee, B. Laufer, M. U. Kiran, A. O. Frank, S. Neubauer,
O. Ovadia, S. Greenberg, C. Gilon, A. Hoffman, H. Kessler, J. Am. Chem.
Soc. 2012, 134, 12125–12133.
[12] a) A. R⇥egger, M. Kuhn, H. Lichti, H. R. Loosli, R. Huguenin, C. Quiquerez,
A. von Wartburg, Helv. Chim. Acta 1976, 59, 1075–1092; b) J. F. Tjia, I. R.
Webber, D. J. Back, Br. J. Clin. Pharmacol. 1991, 31, 344–346; c) J. C.
Kolars, W. M. Awni, R. M. Merion, P. B. Watkins, Lancet 1991, 338, 1488–
1490; d) J. F. Borel, Wien Klin. . Wochenschr. 2002, 114, 433–437.
[13] T. R. White, C. M. Renzelman, A. C. Rand, T. Rezai, C. M. McEwen, V. M.
Gelev, R. A. Turner, R. G. Linington, S. S. Leung, A. S. Kalgutkar, J. N.
Bauman, Y. Zhang, S. Liras, D. A. Price, A. M. Mathiowetz, M. P. Jacobson,
R. S. Lokey, Nat. Chem. Biol. 2011, 7, 810–817.
[14] a) T. Rezai, J. E. Bock, M. V. Zhou, C. Kalyanaraman, R. S. Lokey, M. P. Ja-
cobson, J. Am. Chem. Soc. 2006, 128, 14073–14080; b) T. Rezai, B. Yu,
G. L. Millhauser, M. P. Jacobson, R. S. Lokey, J. Am. Chem. Soc. 2006, 128,
2510–2511; c) T. A. Hill, R. J. Lohman, H. N. Hoang, D. S. Nielsen, C. C.
Scully, W. M. Kok, L. Liu, A. J. Lucke, M. J. Stoermer, C. I. Schroeder, S.
Chaousis, B. Colless, P. V. Bernhardt, D. J. Edmonds, D. A. Griffith, C. J.
Rotter, R. B. Ruggeri, D. A. Price, S. Liras, D. J. Craik, D. P. Fairlie, ACS
Med. Chem. Lett. 2014, 5, 1148–1151; d) D. S. Nielsen, H. N. Hoang, R. J.
Lohman, T. A. Hill, A. J. Lucke, D. J. Craik, D. J. Edmonds, D. A. Griffith,
C. J. Rotter, R. B. Ruggeri, D. A. Price, S. Liras, D. P. Fairlie, Angew. Chem.
Int. Ed. 2014, 53, 12059–12063; e) C. K. Wang, S. E. Northfield, B. Colless,
S. Chaousis, I. Hamernig, R. J. Lohman, D. S. Nielsen, C. I. Schroeder, S.
Liras, D. A. Price, D. P. Fairlie, D. J. Craik, Proc. Natl. Acad. Sci. USA 2014,
111, 17504–17509; f) W. M. Hewitt, S. S. Leung, C. R. Pye, A. R. Ponkey,
M. Bednarek, M. P. Jacobson, R. S. Lokey, J. Am. Chem. Soc. 2015, 137,
715–721.
[15] G. M. Pauletti, S. Gangwar, G. T. Knipp, M. M. Nerurkar, F. W. Okumu, K.
Tamura, T. J. Siahaan, R. T. Borchardt, J. Controlled Release 1996, 41, 3–
17.
[16] M. Boegh, H. M. Nielsen, Basic Clin. Pharmacol. Toxicol. 2015, 116, 179–
186.
[17] a) M. Kansy, F. Senner, K. E. Gubernator, J. Med. Chem. 1998, 41, 1007–
1010; b) A. Avdeef, Expert Opin. Drug Metab. Toxicol. 2005, 1, 325–342;
c) E. H. Kerns, L. Di, S. Petusky, M. Farris, R. Ley, P. Jupp, J. Pharm. Sci.
2004, 93, 1440–1453; d) B. Faller, Curr. Drug Metab. 2008, 9, 886–892.
[18] a) J. M. Reis, B. Sink , C. H. Serra, Mini-Rev. Med. Chem. 2010, 10, 1071–
1076; b) E. Rutkowska, K. Pajak, K. J z´wiak, Acta Pol. Pharm. 2013, 70,
3–18.
[19] a) G. M. Pauletti, F. W. Okumu, R. T. Borchardt, Pharm. Res. 1997, 14,
164–168; b) P. D. Ward, T. K. Tippin, D. R. Thakker, Pharm. Sci. Technology
Today 2000, 3, 346–358.
[20] a) A. Tsuji, I. Tamai, Pharm. Res. 1996, 13, 963–977; b) P. D. Dobson, D. B.
Kell, Nat. Rev. Drug Discovery 2008, 7, 205–220; c) D. B. Kell, P. D.
Dobson, S. G. Oliver, Drug Discovery Today 2011, 16, 704–714.
[21] M. Kah, C. D. Brown, Chemosphere 2008, 72, 1401–1408; b) M. J.
Waring, Expert Opin. Drug Discovery 2010, 5, 235–248.
[22] a) G. Wilson, I. F. Hassan, C. J. Dix, I. Williamson, R. Shah, M. Mackay, J.
Comput. Chem. 1990, 11, 25–40; b) P. Artursson, J. Karlsson, Biochem.
Biophys. Res. Commun. 1991, 175, 880–885; c) P. Artursson, K. Palm, K.
Luthman, Adv. Drug Delivery Rev. 2001, 46, 27–43; d) R. B. van Breemen,
Y. Li, Expert Opin. Drug Metab. Toxicol. 2005, 1, 175–185; e) I. Hubatsch,
E. G. Ragnarsson, P. Artursson, Nat. Protoc. 2007, 2, 2111–2119; f) B.
Press, D. Di Grandi, Curr. Drug Metab. 2008, 9, 893–900; g) D. A. Volpe,
Future Med. Chem. 2011, 3, 2063–2077.
[23] A. Avdeef, S. Bendels, L. Di, B. Faller, M. Kansy, K. Sugano, Y. Yamauchi, J.
Pharm. Sci. 2007, 96, 2893–2909.
Received: March 31, 2015
Published online on April 27, 2015








Enantiomeric Cyclic Peptides with Different Caco-2 Permeability
Suggest Carrier-Mediated Transport










Synthesis: #$%&'()*)" +," &'(" )&(-" .(.&*/()" *)" /()01*2(/" .1(3*+4)5$" 6)(("-7*%" &(8&"
1(,(1(%0()"9:!;"7%/"!<=>"?55"(%7%&*+-(1*0"0+-.+4%/)"@(1(")$%&'()*A(/"7)"/()01*2(/"
,+1" &'(" )&(-" .(.&*/()" 24&" 4)*%B" (%7%&*+-(1*0" 7-*%+" 70*/" .1(041)+1)>" ?55" C70'*175D"
.'$)*0+0'(-*075".1+.(1&*()"2(&@((%"(%7%&*+-(1*0".7*1)"71("*/(%&*075>"
Conformation of the compounds: E+%,+1-7&*+%75" 0'7170&(1*A7&*+%" +," &'(" 0$05*0"
.(.&*/()"@7)"/+%("2$")+54&*+%")&7&("FGH"*%"IG#JKd6 7%/"GI:"7%/"@7)"/()01*2(/"*%"
&'(" 5*&(17&41(" 6)((" -7*%" &(8&" 1(,(1(%0()" 9" 7%/" !!=>" L+1" 0+%3(%*(%0(:" '(1(" @(" 71("
.1+3*/*%B" &'(" )&(1(+" 3*(@)" +," &'(" )&140&41()" /(&(1-*%(/" 2$" 4)" ,+1" &'(" ,+41" )&(-"
.(.&*/()"1:"2:"3"7%/"4>"L41&'(1-+1(:")+53(%&"(8.+)(/"FM)"71("(%05+)(/" *%"(55*.)()"




































Determination of physicochemical and in vitro pharmacokinetic parameters."
Materials: 6)3%$,78" 9:8+';)0%" <6.#=>?" @A'1$42'8?" 6:8B%11'C9" 3'0)+)%0" D4E8%C9"
3%0):3"<6.D.>",)E,"E8:1'9%?"FAE8:$43)2%"9'8:$)'2?"G%2)1)88)2A9$&%G$'371)2"9'8:$)'2?"
6:8B%11'C9" G,'9G,4$%AB:++%&%0" 948)2%" <6HI#>?" $&7G9)2AD6JK" 9'8:$)'2" 420" 4$%2'8'8"













#$%&'" ('" )*+,-.-/0" 12340" 56778,90" :;-798$<+,." +,." %$-=-,+78." &$%*" 7>8" ?*8$-@+,"
ABC8"D6<76$8"D%<<8@7-%,"EF%@GH-<<80"5I0"J:?K' 
Parallel artificial membrane permeability assay (PAMPA): L+<68/"%&"<%="#8";8$8"
.878$*-,8." -," +" MNO;8<<" &%$*+7" ;-7>" 7>8" #?5#?" C8$*8+P-<-7B" +//+B'" 1%$" 8+@>"
@%*C%6,.0" *8+/6$8*8,7/" ;8$8" C8$&%$*8." -," Q6+.$6C<-@+78" +7" C2" H+<68" R'!" E&%$"
@%*C%6,." 40" 4*0 50" +,." 5*" C2" S'T" +,." U'T" ;8$8" *8+/6$8." +..-7-%,+<<BK'" 1%$" 7>-/"
C6$C%/80";8<</"%&"+".88CO;8<<"C<+78";8$8"&-<<8.";-7>"NUT"V":B/78*":%<67-%,'":+*C<8/"
EWUT" VK" ;8$8" ;-7>.$+;," &$%*" 8+@>" ;8<<" 7%" .878$*-,8" 7>8" P<+,G" /C8@7$+" PB" JL"
/C8@7$%/@%CB"E:C8@7$+5+X"WMTK'"A>8,0"+,+<B78".-//%<H8."-,"I5:Y";+/"+..8."7%"7>8"
$8*+-,-,=" :B/78*" :%<67-%," 7%" B-8<." UT" 5" /%<67-%,/'" A%" 8X@<6.8" C$8@-C-7+7-%,0" 7>8"
%C7-@+<" .8,/-7B" ;+/" *8+/6$8." +7" NUT" ,*0" ;-7>" T'TW" P8-,=" 7>8" 7>$8/>%<." H+<68'"
:%<67-%,/"8X@88.-,="7>-/"7>$8/>%<.";8$8"&-<78$8.'"?&78$;+$./0"/+*C<8/"EWUT"VK";8$8"
;-7>.$+;," 7%" .878$*-,8" 7>8" $8&8$8,@8" /C8@7$+'" 16$7>8$" ZTT" V" ;8$8" 7$+,/&8$$8." 7%"
8+@>";8<<"%&"7>8".%,%$"C<+78"%&"7>8"#?5#?"/+,.;-@>"#[3"WWT"WNS"EC)%,0"4%P6$,"5?0"
J:?K'"A>8" &-<78$"*8*P$+,8/"+7" 7>8"P%77%*"%&" 7>8"+@@8C7%$" C<+78";8$8" -*C$8=,+78."
;-7>"U"V"%&"()AOT"V-C-.":%<67-%,"8+@>0"+,."ZTT"V"%&"?@@8C7%$":-,G"\6&&8$";8$8"&-<<8."
-,7%"8+@>"+@@8C7%$";8<<'"A>8"/+,.;-@>";+/"+//8*P<8.0"C<+@8." -," 7>8"(67O\%X0"+,."
<8&7" 6,.-/76$P8." &%$" WN" >'" )7" ;+/" 7>8," .-/+//8*P<8.0" +,." /+*C<8/" EWUT" VK" ;8$8"
7$+,/&8$$8."&$%*"8+@>".%,%$"+,."+@@8C7%$";8<<" 7%"MN";8<<"C<+78/'"]6+,7-&-@+7-%,";+/"
C8$&%$*8." PB" VDO5:^" <%=" #8" H+<68/" ;8$8" @+<@6<+78." ;-7>" 7>8" +-." %&" 7>8" #?5#?"
_XC<%$8$":%&7;+$8"EC)%,0"H8$/-%,"S'U"+,."S'RK'  
Log P determination: A>8" in silico" C$8.-@7-%," 7%%<" ?VY(#:" ELDDV?\0" L-$76+<"
D%*C67+7-%,+<" D>8*-/7$B" V+P%$+7%$B0" >77C`[[;;;'H@@<+P'%$=0" ZTTUK" ;+/" 6/8." 7%"
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Colorectal adenocarcinoma (Caco-2) cell permeability assay: D(*$5E"*.++)"'.1."
*,+-9F(-./" 96" -9)),." *,+-,1." 0+()G)" :CH" C9$)*9.6*.)=" I1(6G+96" #(G.)=" JK=" LMN<" '9-3"
H@O@" 39%35%+,*$)." 2./9,2" *$6-(9696%" #5%+,-(296." :E" 2@<=" 6$6.)).6-9(+" (296$"
(*9/)" :?P4"2@<=" B.69*9++96" :4??" L72#<=" )-1.B-$2>*96" :4??" %72#<=" (6/" ICM" :4?Q<P"
R3."*.++)"'.1."G.B-"(-"ST"UD" 96"3,29/909./"(91"*$6-(9696%"VQ"DWE="(6/" -3."2./9,2"
'()"*3(6%./".F.1>").*$6/"/(>P"X3.6"*(P"Y?Q"*$60+,.6*."'()" 1.(*3./=" -3."*.++)"
'.1." )B+9-" 96" (" 4;4?" 1(-9$" (6/" /9)-198,-./" -$" 6.'" -9)),." *,+-,1." 0+()G)P" N-" B())(%."
6,28.1)"8.-'..6"!?"(6/"!V="-3.>"'.1.").././"(-"("/.6)9->"$0"VPSZ4?V"*.++)"B.1"'.++"
-$" R1(6)'.++" !5'.++" B+(-.)" :D$1696%=" J[=" LMN<" '9-3" EPV" 2#" *,+-,1."2./9,2" 96" -3."
8()$+(-.1(+" (6/" 4PV" 2#" 96" -3." (B9*(+" *$2B(1-2.6-P" R3."2./9,2" '()" 1.6.'./" $6"
(+-.16(-." /(>)" :E" 2#" (B9*(+=" EPV" 2#" 8()$+(-.1(+<P" &.12.(-9$6" .ZB.192.6-)" '.1."
B.10$12./" 8.-'..6" /(>)" 4Y" (6/" E4" B$)-5)../96%P" &19$1" -$" -3." .ZB.192.6-=" -3."
96-.%19->" $0" -3."D(*$5E"2$6$+(>.1)"'()" .F(+,(-./" 8>"2.(),196%" -3." -1(6).B9-3.+9(+"
.+.*-19*(+" 1.)9)-(6*.":ROO\<"'9-3"(6"O6/$32"-9)),."1.)9)-(6*." 96)-1,2.6-" :XW\#H"
&1.*9)9$6"]6)-1,2.6-)"]6*P="M(1()$-(="I#="LMN<P"W6+>"'.++)"'9-3"ROO\"F(+,.)"^"EV?"
*2E" '.1." ,)./P" OZB.192.6-)" '.1." B.10$12./" 96" -3." (B9*(+5-$58()$+(-.1(+"
:(8)$1B-9F.<" (6/" 8()$+(-.1(+5-$5(B9*(+" :).*1.-$1><" /91.*-9$6)" 96" -19B+9*(-." (-" ("
*$2B$,6/" *$6*.6-1(-9$6" $0" !EPV" _@P" R1(6)B$1-" 2./9,2" :H@O@" '9-3$,-" )$/9,2"
B>1,F(-." (6/" B3.6$+" 1./<" '()" '9-3/1('6" 01$2" -3." /$6$1" *$2B(1-2.6-)" (6/" -3."


















&'&#&+2" (,'(%'#-+#&,'" &'" #$%" :,',-" (,01+-#0%'#." F;#%-" #$%" %M1%-&0%'#>" ANNO" P+2)%3"
9%-%"+33%33%:"+H+&'" ;,-"%+($"9%22"+':" -%3)2#3" ;-,0"9%223"9&#$"P+2)%3"Q"R=6"(0R"
9%-%":&3(+-:%:."
LC-MS measurements: F"<<66L<R66"/%-&%3"SG7C"/B3#%0"(,)12%:"#,"+"@5<6"A-&12%"
K)+:-)1,2%" 0+33" :%#%(#,-" 4FH&2%'#" A%($',2,H&%3>" T'(.>" /+'#+" C2+-+>" CF>" U/F8"
%I)&11%:" 9&#$" %2%(#-,31-+B" &,'&V+#&,'" 9+3" )3%:" ;,-" +'+2B3&3." A$%" 3B3#%0" 9+3"
(,'#-,22%:" 9&#$" #$%" FH&2%'#" E+33S)'#%-" W,-X3#+#&,'" Y+#+" F(I)&3&#&,'" 3,;#9+-%"
4P%-3&,'" Z.6<.658." A$%" (,2)0'" )3%:"9+3" +'" F#2+'#&3" A?"C<[" (,2)0'" 4R.<M=6"008"
9&#$"+"?"0"1+-#&(2%"3&V%"4W+#%-3"C,-1.>"E&2;,-:>"EF>"U/F8."A$%"0,*&2%"1$+3%3"4F>"
9+#%-\"Z>"E%C]8"(,'#+&'%:"6.<^";,-0&("+(&:"4PLP8"+':"9%-%":%2&P%-%:"+#"6.@"02L0&'."
A$%"H-+:&%'#"9+3" -+01%:" ;-,0"_=^"FL=^"Z" #,"=^"FL_=^"Z",P%-"<"0&'>"+':" #$%'"
$%2:"+#"_=^"FL=^"Z";,-"6.<"0&'."A$%"3B3#%0"9+3"#$%'"*-,)H$#"*+(X"#,"_=^FL=^"Z>"




1,2+-&#B" 9%-%" ,1#&0&V%:" &':&P&:)+22B" ;,-" %+($" +'+2B#%" +':" #$%" 0,2%()2+-" &,'3" 9%-%"
































1(! )&Z81B.B+3.8/! c=.B[! '(3')1(./3/d! '(*! 8Z8&.8! 5+R'6+63.*+/D! .(! 1$*+$! 31! M+33+$! #(*+$/3'(*! 35+!





8&.(.8'&! /3')+DG!'!*+8./.1(! 3$++! c=.)#$+!jLIHD!6')+!ijd!;.35! .&&#/3$'3+*! 3$+(*/! <1$!*.<<+$+(3!8&'//+/!1<!
=.B[! '(3')1(./3/! '(*! 6#M&./5+*! 35$+/51&*/! ;'/! +/3'M&./5+*! <1$! 35+! 6$+*.83.1(! 1<! 613+(3.'&! 1$'&!
M.1'7'.&'M.&.3Z! 1<! =.B[! '(3')1(./3/L! @'/+*! 1(! 35+! ('(1B1&'$! '<<.(.3.+/! 1<! =.B[! '(3')1(./3/D! '!
B.(.B#B! /1&#M.&.3Z! 1<! '3! &+'/3! WH!})lB^! ;'/! $+`#.$+*! M+<1$+! 135+$! '//'Z/! ;+$+! 6+$<1$B+*L!
_1(8+$(.()!&.6165.&.8.3ZD!81B61#(*/!;.35!'!&1)!RJLj!y!I!;+$+!B1$+!&.2+&Z!31!/51;!6'//.7+!6+$B+'3.1(L!
=1$!.//#+/!/#85!'/!.(/#<<.8.+(3!6'//.7+!6+$B+'M.&.3Z!c&1)!=+!|!9kLV!8Bl/d!'(*l1$!.(/#<<.8.+(3!/1&#M.&.3Z!




$.()!1<! 35+!')&Z81(+!;.35!5.)5!/1&#M.&.3Z! cy!VHHH!})lB^d!M#3!611$!6+$B+'M.&.3Z! c&1)!=+!|! 9kLV!8Bl/d!
;'/!35+!/3'$3.()!61.(3!<1$!6+$B+'M.&.3Z!+(5'(8.()!/3$'3+).+/LW!!
K(+! 1<! 35+! /3$'3+).+/! ;'/! 31! '('&Z"+! 35+! .(3+$'83.1(! 613+(3.'&! 1<! 35+! =.B[! '(3')1(./3/! ;.35! 35+!
'83.7+! 3$'(/61$3+$/! c+L)L!KNY4D!KNYID! '(*!K_YGd! 31! .B6$17+!*$#)!*+&.7+$ZL! O(3+$'83.1(/!1<! 7'$.1#/!




FB'&&! /3$#83#$'&! *.<<+$+(8+/! ;.35.(! '! 81B61#(*! 8&'//! 81#&*! M+! 1M/+$7+*L! ,5+$+'/! '! 85&1$19! 1$!
3$.<&#1$1B+35Z&9/#M/3.3#3.1(!'3! 35+!'$1B'3.8! $.()!'*X'8+(3! 31! 35+!'(1B+$.8!1RZ)+(!1<!M.65+(Z&!'(*!
.(*1&.(Z&65+(Z&!.(8$+'/+*!.(5.M.3.1(!1<!35+!KNY4G@I9B+*.'3+*!%IF!#63'2+D!/#M/3.3#3.1(!'3!35+!1#3+$!
'$1B'3.8! $.()! 1<! M.65+(Z&! ;.35! 8Z'(.*+D! /#&<1('B.*+D! /#&<1(+D! 8'$M1RZ&.8! '8.*D! :D:9
*.B+35Z&'B.(1+35Z&! +/3+$! 1$! 35+! :D:9*.B+35Z&'B.(1+35Z&! 'B.*+! 1$! -9B+351RZ9/#M/3.3#3.1(! 1<!
.(*1&.(Z&65+(Z&! B'((1/.*+! *.*! (13! /51;! '(Z! .(5.M.3.1(! cy! iHudL! =#$35+$B1$+D! 81B61#(*/! ;.35!
&1)!0JLj! y! I! '(*!;.35! &1)!4+! |! 9kLV! 8Bl/!;+$+!B1$+!6$1(+! 31! /51;!'(! .(5.M.31$Z! +<<+83! 1(! 35+! %IF!
#63'2+L![1;+7+$D!1(&Z!<1$!3;1!=.B[!'(3')1(./3/!1<!35+!M.65+(Z&!'(*!`#'(.*.(Z&65+(Z&!8&'//+/D!;5.85!
*.*! (13! /51;! '(Z! .(3+$'83.1(/! ;.35! KNY4G@I! 3$'(/61$3+$! .(! 35+! .(5.M.3.1(! /8$++(.()D! KNY4G@I9







=1$! 35./! 6#$61/+D! '66$1'85+/! 31! .B6$17+! /1&#M.&.3Z!;+$+! /3#*.+*L! U+6&'8+B+(3! 1<! 35+! 8'$M1RZ&'3+!
;.35!M.1./1/3+$+/!.B6$17+*!/1&#M.&.3Z!'/!81B6'$+*!31!35+!+/3+$!6$1*$#)/Lk![1;+7+$D!1(&Z%>'.'98Z'(1!
'('&1)#+/!;+$+! <1#(*! 31!M+!6'//.7+&Z!6+$B+'M&+!;.35! .(8$+'/+*D!M#3! /3.&&! .(/#<<.8.+(3D! /1&#M.&.3Z! c|!







1<!4'66!6+$B+'M.&.3Z! .(! 35+! 5(%750.-!'(*! 5(%757-!B1*+&/!8'(!M+!+R6+83+*L!=#$35+$B1$+D!5Z*$1&Z/./!1<!
35+!651/65'3+!6$1B1.+3Z!;'/!81(<.$B+*!.(!35+!_'819G!8+&&!B1*+&!;.35!'&2'&.(+!651/65'3'/+/D!;5+$+!
651/65'3+! +/3+$/! '3! 61/.3.1(/! G9! '(*! V9! 1<! 35+!B'((1/+!;+$+! $'6.*&Z! 5Z*$1&Z"+*D! '(*! 651/65'3+!





=#$35+$B1$+D! 35+! $+6&'8+B+(3! 1<! 35+! 1#3+$! $.()! 1<! 35+! M.65+(Z&! ')&Z81(+!;.35! '(! 5+3+$1'$1B'3.8!
$.()! c+L)L! 3$.'"1&+/D! 6Z$'"1&+/D! 1$! 6Z$.*.(+/d! ;'/! 81(/.*+$+*! '(! '&3+$('3.7+! /3$'3+)Z! 31! .B6$17+!
'`#+1#/! /1&#M.&.3ZLi! [1;+7+$D! ;5+$+'/! =.B[! '<<.(.3Z! 81#&*! M+! B'.(3'.(+*D! (1! .B6$17+B+(3! 1<!
6+$B+'M.&.3Z! 81#&*! M+! *+3+83+*L! ,.35! +/3+$! 6$1*$#)/! 1<! 35+! 5+3+$1'$1B'3.8! =.B[! '(3')1(./3/!
B1*+$'3+! 31! )11*! 6+$B+'M.&.3Z! ;+$+! '85.+7+*D! ;5.85! ;+$+! /.B.&'$! 35'(! <1$! 35+! M.65+(Z&! +/3+$!
6$1*$#)/L!F&1;!+("ZB+9B+*.'3+*!5Z*$1&Z/./!1<!+/3+$/!1(!35+!5+3+$1'$1B'3.8!6$1*$#)/!3#$(+*!1#3!31!
M+! '! B'X1$! *$';M'82L! :+7+$35+&+//D! '<<.(.3.+/! 1<! 35+! 6Z$$1&Z&65+(Z&! 6$1*$#)/! ;+$+! 5.)5! '(*!
35+$+<1$+! 5Z*$1&Z/./! ./! (13! (+8+//'$Z! '<3+$! $+'85.()! /Z/3+B.8! 8.$8#&'3.1(L! [1;+7+$D! .(/#<<.8.+(3!
/1&#M.&.3Z!c|!WGH!})lB^d!<1$!'!*1/+!1<!IH!B)l2)!;'/!*+3+83+*L!
=.('&&ZD! 7'$.1#/!6$+<1$B#&'3.1(/!#/.()! '66$16$.'3+! 819/1&7+(3/D! /#$<'83'(3/D! '(*! 81B6&+R.()! ')+(3/!
;+$+! 3+/3+*L!,.35! 35+!/#$<'83'(3!Y;++(!iH!'3!Iu!c;l;dD! /1&#M.&.3Z!81#&*!M+! .B6$17+*!/.)(.<.8'(3&Z!
cy!WGH!})lB&d! <1$! 35+!>98Z'(1M.65+(Z&!'(*! 35+!6Z$$1&Z&65+(Z&!B'((1/.*+/L!,.35! 5(%757-!4\!/3#*.+/!
5.)5!#$.(+!81(8+(3$'3.1(!17+$!'(!+R3+(*+*!6+$.1*!1<!3.B+!cy!V!5d!81#&*!M+!'85.+7+*L!%7+(!351#)5!35+!






)'/3$1.(3+/3.('&! /3'M.&.3Z! '(*! B+3'M1&.8! /3'M.&.3Z! '/! ;+&&! '/! .(7+/3.)'3.1(/! 1<! 35+! '83.7+! #63'2+!
B+85'(./B/!'$+!$+`#.$+*L!!
!
O(! 81(8&#/.1(D! 1#$! 4N0P%Y!6&'3<1$B!;.35! .3/! 7'$.1#/! /3$#83#$'&D! 65Z/.8185+B.8'&D! '(*! M.185+B.8'&!
6$16+$3.+/!'//'Z/! ./!+//+(3.'&! <1$!6$+*.83.()!1$'&!M.1'7'.&'M.&.3Z!'(*!<1$!/+&+83.()!/6+8.<.8!81B61#(*!















&.7+$! c+L)L! 65'/+! OO! B+3'M1&./BdL! Y1R.8.3Z! ./! (13! <#&&Z! 817+$+*! .(! 35+! 4N0P%Y! 6&'3<1$BL! @+/.*+/!
8Z3131R.8.3ZD!135+$! 5(%750.-!31R.8.3Z!'//'Z/D!+L)L!8'$*.131R.8.3Z!c.L+L!5%UA!\!85'((+&!M&182.()dD!)+(+3.8!
31R.8.3ZD!1$!*$#)9*$#)!.(3+$'83.1(/!(++*/!31!M+!.B6&+B+(3+*!.(31!35+!6&'3<1$BL!!
!
!
!
!
!
!
!
!
!
!
!
Q$,$-$(/$:!
IL! @+"+(81(D!QLe!,.33;+$D!PL!@Le!_#33.()D!@Le!FB.+/21D!PLe!,')(+$D!@Le!\'(/ZD!PLe!%$(/3D!@L!6\'!*+3+$B.('3.1(!
MZ!cId[!:PU!/6+83$1/816Z!9!'(!1&*!B+351*1&1)Z!$+7./.3+*L!?1%=3'.&1%H5-&#)1%I('$1%HWFPD!CJD!IjJ9WWL!
GL! \1&'D!OLe!^'(*./D!QL!_'(!35+!65'$B'8+#3.8'&!.(*#/3$Z!$+*#8+!'33$.3.1(!$'3+/n!P'01%N#71%R.8/%R59M-71%HWWP]!VD!
JII9JIWL!
VL! N7*++<D!NLe!@+(*+&/D!FLe!0.D!^Le!='&&+$D!@Le!\'(/ZD!PLe!F#)'(1D!\Le!q'B'#85.D!qL!4NP4N!9!_$.3.8'&!<'831$/!<1$!
M+33+$!6$+*.83.1(/!1<!'M/1$63.1(L!?1%=3'.&'1%2M51%HWWX]!C\D!GihV9GhHhL!
jL! ^.6.(/2.D!_L!NL!0$#)9&.2+!6$16+$3.+/!'(*!35+!8'#/+/!1<!611$!/1&#M.&.3Z!'(*!611$!6+$B+'M.&.3ZL!?1%=3'.&'M-$-1%
"-X5M-$-1%@#03-)9%HWWW]!LLD!GVW9GjhL!
WL! \&+.(D!YLe!NM)133/61(D!0Le!,.33;+$D!PLe!U'MM'(.D!FLe![+$1&*D!QLe!Q.'()D!aLe!\&++MD!FLe!^#+35.D!_Le!F85'$+(M+$)D!
PLe!@+"+(81(D!QLe!A#M&+$D!%Le!4'()D!^Le!FB.+/21D!PLe!_#33.()D!@Le!F85;'$*3D!KLe!%$(/3D!@L!=.B[!N(3')1(./3/!
<1$!35+!K$'&!Y$+'3B+(3!1<!?$.('$Z!Y$'83!O(<+83.1(/]!=$1B!0+/.)(!'(*!FZ(35+/./!31!5(%<50.-!'(*!5(%<57-!
%7'&#'3.1(L!?1%@#)1%A3#&1%HWFW]!BJD!ikGJ9ikjIL!
kL! \&++MD!FLe!4'()D!^Le!P'Z+$D!\Le!%$./D!0Le!F.)&D!NLe!4$+/31(D!UL!_Le!S.5&B'((D!4Le!F5'$6+D!YLe!Q'21MD!UL!4Le!
NM)133/61(D!0Le![#33+$D!NL!FLe!F85'$+(M+$)D!PLe!Q.'()D!aLe!:'7'$$'D!ALe!U'MM'(.D!FLe!FB.+/21D!PLe!^#*.(D!:Le!
@+"+(81(D!QLe!F85;'$*3D!KLe!P'.+$D!YLe!%$(/3D!@L!=.B[!N(3')1(./3/]!@.1./1/3+$+/!Y1!OB6$17+!35+!5(%<50.-!'(*!
5(%<57-!4\l40!4$1<.&+L!?1%@#)1%A3#&1%HWFS]!BGD!GGGI9GGVhL!
JL! \&++MD!FLe!Q.'()D!aLe!=$+.D!4Le!F.)&D!NLe!@+"+(m1(D!QLe!@'BM+$)+$D!\Le!F85;'$*3D!KLe!%$(/3D!@L!=.B[!N(3')1(./3/]!
451/65'3+!4$1*$#)/!OB6$17+!K$'&!@.1'7'.&'M.&.3ZL!?1%@#)1%A3#&1!HWFTD!BCD!VIkV9VIiGL!
iL! 4'()D!^Le!@+"+(m1(D!QLe!\&++MD!FLe!U'MM'(.D!FLe!F.)&D!NLe!FB.+/21D!PLe!F')+$D!_L4Le!%$./D!0Le!F85;'$*3D!KLe!%$(/3D!
@L!=.B[!N(3')1(./3/!b!F1&#M.&.3Z!7/L!4+$B+'M.&.3ZL!A'.6-3K).'0#%A3#&590.KD!HWFXD!LED!Gji9GJVL!
hL! ?L!\L!P'$+&&.D!QL!@+"+(m1(D!%L!4#.)D!@L!%$(/3D![L!\+//&+$D!%('(3.1B+$.8!8Z8&.8!6+63.*+/!;.35!*.<<+$+(3!_'819G!
6+$B+'M.&.3Z!/#))+/3!8'$$.+$9B+*.'3+*!3$'(/61$3L!A3#&1%D8.1%?1!HWFSD!EFD!iHGV9iHGJL!
  
!
